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(54) Semiconductor device with a trench gate and method of manufacturing the same 



(57) A semiconductor device has trenches formed 
on the surface of a semiconductor. The device passes a 
main current through a channel formed between the 
trenches and controls the main current with the use of 
gate electrodes (7) buried in the trenches. The main 
current directly controlled by the gate electrodes flows 



in parallel with the surface of the semiconductor and is 
distributed vertically to the surface of the semiconduc- 
tor. The width W of the channel is freely increased with- 
out regard to the surface area of the semiconductor. 
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Description 

Back ground of the Invention 

1 Field of the Invention 5 

The present invention relates to semiconductor 
devices such as insulated-gate transistors that control a 
main current by capacitive coupling caused by a gate 
voltage, and particularly, to insulated-gate power 1 
devices and monolithic power ICs having insulated-gate 
structures. 

9 Description pj the Prior Art 

1 

Active semiconductor devices include bipolar junc- 
tion transistors (BJTs). junction field-effect transistors 
(JFETs). static induction transistors (SITs), MOS field- 
effect transistors (MOSFETs). insulated-gate bipolar 
transistors (IGBTs), and single gate static induction thy- t 
ristors (SGSITHs). Any one of them is a 3-terminal 
device having two main terminals (an emitter and a col- 
lector, or a source and a drain, or a cathode and an 
anode) and a control terminal (a base, or a gate). The 
bipolar devices have pn junctions between the main ter- 
minals. The pn junctions form potential barriers over 
which two types of carriers flow to pass a current. The 
FETs are a unipolar device that employs a semiconduc- 
tor of one conductivity type between the main terminals, 
so that there is no pn junctions in a main channel that 
passes one type of carriers. Recent requirements for 
low power dissipation have developed voltage-control- 
led bipolar power devices such as insulated-gate bipolar 
transistors (IGBTs), MOS-controlled thyristors (MCTs), 
MOS-assisted gate-triggered thyristors (MAGTs), and 
emitter-switched thyristors (ESTs). These MOS com- 
posite semiconductor devices are voltage-driven power 
devices that handle a large current and are rapidly 
being developed in power industry because they are 
easy to use. The power devices must operate at high 
speed, handle large power, and involve low on-resist- 
ance. It is important to decrease the on-resistance of a 
device, to reduce the power dissipation of the device 
and improve the efficiency thereof. 

The conventional unipolar semiconductor devices 
such as FETs and SITs employ a single type of carriers 
and involve high on-resistance because the conductivity 
thereof is restricted by resistance determined by the 
concentration of carriers in a semiconductor layer. Fig- 
ure 1 shows a JFET as an example of the unipolar sem- 
iconductor devices. The JFET has an n-type layer 2 that 
forms a channel. To reduce the resistance of the layer 2, 
the layer 2 must contain a high concentration of impuri- 
ties as a body material. Figure 2 shows a MOSFET as 
another example of the unipolar semiconductor devices. 
The MOSFET forms an inversion layer (or channel) to 
pass carriers. Since the inversion layer is thin, a gate 
width W must be wide, i.e., a channel area must be 
large to decrease the on-resistance of the device. It is 



impossible, however, to limitlessly increase the channel 
area because the surface area of a chip on which the 
device is formed is limited. Figure 3 shows a high-volt- 
age double<irffused MOSFET (DMOS). The device is 
also difficult to expand its channel area, and in addition, 
the resistance of an n'-type drift region 22 increases on- 
resistance. The resistance of the region 22 may 
decrease if a gate width W is increased. 

Figures 4 and 5 show an example of the bipolar 
i devices that pass a large current. The bipolar device 
has pn junctions that form potential barriers. Minority 
carriers are injected over one of the potential barriers 
into a region. If the concentration of the minority carriers 
is equal to or greater than the concentration of majority 
5 carriers in the region, a conductivity modulation effect 
works to decrease apparent resistance. In the IGBT of 
Fig. 5, minority carriers are injected from a pMype col- 
lector layer 29 into an n-type drift region 22. Namely, 
holes are injected into the region 22, which causes a 
o conductivity modulation. The IGBT has pn junctions in a 
main channel because the IGBT is a bipolar device. The 
pn junctions involve built-in potential that causes an off- 
set voltage. On the other hand, the unipolar devices 
involve no offset voltage because they have no pn June- 
's tions in a main channel. The unipolar devices, however, 
are incapable of increasing a carrier concentration 
above the impurity concentration of a semiconductor 
layer that serves as a channel region. Figure 6 shows a 
double gate static induction thyristor (DGSITH). This 
30 device provides the conductivity modulation effect due 
to the injected holes from p + anode 95, but has a pn 
junction only at p + anode 95. When the device is turned 
off, electrons accumulated in front of the p + anode 95 
are drawn through an n + -type second gate 93 (G2), to 
35 cause no tail current and realize high-speed switching. 
Since the number of pn junctions in a main channel of 
the DGSITH is smaller than that of the IGBT, the 
DGSITH involves a smaller offset voltage. A 1800-V, 
1 00-A DGSITH provides a forward voltage drop of 1 .2 V. 
40 The DGSITH of Fig. 6 has a first gate 91 (G1) and the 
second gate 93 (G2), and therefore, must have a com- 
plicated gate drive circuit and complicated manufactur- 
ing processes involving a mask aligning process of both 
surfaces. In particular, a hierarchical structure of Fig. 6 
45 vertical to a substrate requires an advanced epitaxial 
growth technique that increases the cost of the device. 

A power device must have low on-resistance. The 
on-resistance and blocking voltage (or the breakdown 
voltage) of the power device are trade-offs. If a channel 
so length L of Fig. 2 is shortened, the on-resistance of the 
device will drop. This, however, decreases the blocking 
voltage of the device. In the IGBT of Fig. 5, the blocking 
voltage of the device will increase if the length Ld of the 
drift region 22 is extended. This, however, increases the 
55 on-resistance of the device. 

Figure 7 shows a vertical IGBT according to a prior 
art. This prior art forms an n + -type buffer layer 229 in 
front of a p + -type collector layer 29, to achieve a high 
blocking voltage and low on-resistance. This technique 
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minimizes the thickness of an n"-type drift layer 22 and 
employs the buffer layer 229 to prevent a punch-through 
phenomenon between the collector layer 29 and a p- 
type base layer 23. It is very difficult to design the thick- 
ness and impurity concentration of the buffer layer 229. 
When mass-producing the device, a designed blocking 
voltage is not easily attained. In this case, the buffer 
layer 229 must be designed again, and the thickness of 
a semiconductor substrate must be changed. To realize 
low on-resistance, the thickness of the drift layer 22 
must be 100 u m to 50 m or thinner, and therefore, the 
layer 22 must epitaxially be grown. In this case, the 
buffer layer 229 must also epitaxially be grown, and an 
advanced epitaxial growth technique must be employed 
to avoid an auto-doping or out-diffusion phenomenon 
from the buffer layer 229. If the design of the blocking 
voltage of the device is changed, or if a designed block- 
ing voltage is not attained, the epitaxial growth condi- 
tions of the device must be changed, to deteriorate the 
productivity of the device. The buffer layer 229 and col- 
lector layer 29 may be formed by diffusion through the 
bottom surface of the substrate 22. This, however, is 
possible only theoretically because the thickness of the 
substrate 22 must be 50 ja m or thinner to realize low on- 
resistance. If the substrate 22 is thinned less than 1 00 n 
m, the mechanical strength thereof deteriorates, and no 
semiconductor wafer manufacturer markets such a thin 
semiconductor substrate. In this way, there is no prior 
art that realizes a semiconductor device having a high 
breakdown voltage (or high blocking voltage) and low 
on-resistance. 

Summary of the Invention 

An object of the present invention is to provide a 
power device or a monolithic power IC that realizes a 
high breakdown voltage, a large current, and low on- 
resistance. 

Another object of the present invention is to provide 
a semiconductor device, in particular, a voltage-driven 
semiconductor device such as an insulated-gate semi- 
conductor device, capable of reducing on-resistance 
per chip area. 

In order to accomplish the objects, the present 
invention provides a semiconductor device employing a 
novel design principle. Conventional semiconductor 
devices are classified into lateral devices shown in Figs. 
2, 3, and 5. and vertical devices shown in Figs. 6 and 7. 
The lateral devices pass a main current in parallel with 
a main surface of a semiconductor substrate as shown 
in Figs. 2, 3, and 5. At this time, the main current is 
localized in thin surface layer in the vicinity of the main 
surface, and distributed in parallel with the main surface. 
Here, the main current is a current that flows between a 
first main electrode (source, emitter, or cathode) region 
and a second main electrode (drain, collector, or anode) 
region and is controlled by a voltage applied to a control 
electrode (gate electrode) or by a current passing 
through the control electrode (base electrode). The lat- 



eral devices distribute the main current in a thin surface 
layer along the width W of the gate orthogonal to the 
flowing direction of the main current in parallel with the 
main surface. On the other hand, the vertical devices 

5 pass the main current vertical to the main surface of a 
substrate as shown in Figs. 6 and 7. At this time, the 
vertical devices distribute the main current in parallel 
with the main surface along the width W of the gate. 
Some of the vertical devices have a buried collector or 

w drain region and form a collector or drain electrode con- 
tact region on the same surface as that of a source 
region. In this case, part of a current flowing through a 
channel has a component that is in parallel with the 
main surface. The main current directly controlled by the 

75 control electrode, however, is mostly vertical to the main 
surface. 

An important feature of the present invention is 
realted to "the direction of the main current directly con- 
trolled by the control electrode". Namely, the semicon- 

20 ductor devices according to the present invention have 
completely different structures from the conventional 
lateral and vertical semiconductor devices. As shown in, 
for example. Figs. 8B. 21 B, and 30B, the devices of the 
present invention pass the main current in parallel with 

25 a main surface, and a gate width W (or a channel width 
W) of the devices is vertical to the main surface, to dis- 
tributes the main current vertically to the main surface. 
There are no conventional semiconductor devices that 
distribute the main current vertically to a main surface. 

30 In this regard, the semiconductor structure of the 
present invention is quite novel and enables the gate 
width (channel width) W to be freely extended without 
regard to the surface area of a chip. 

Referring to, for example, Figs. 8B, 21 B, 30B, 40B, 

35 and 45B, the present invention forms a bottom insula- 
tion film 8 on a semiconductor substrate 82, and a first 
semiconductor layer 2 (22) on the bottom insulation film 
8. The first semiconductor layer 2 (22) has a top, a bot- 
tom and four side surfaces. The bottom surface contacts 

40 to the bottom insulation film 8. Alternatively, the present 
invention forms the semiconductor layer 2 (22) on a 
semiconductor substrate 83 of opposite conductivity 
type as shown in, for example, Fig. 26B. The semicon- 
ductor layer 2 (22) serves as a current path for passing 

45 a main current in parallel with the surface of the semi- 
conductor layer 2 (22). The semiconductor layer 2 (22) 
is an island-like part having side-surfaces (side-walls) 
that are substantially vertical and covered with a device 
isolating insulation film 1. A second semiconductor 

so region 4 (24, 241 , 287) serving as a first main electrode 
region is formed from the top surface of the semicon- 
ductor layer 2 (22) up to the bottom insulation film 8. A 
third semiconductor region 5 (29, 293) serves as a sec- 
ond main electrode region. Between the second and 

55 third semiconductor regions 4 and 5, gate trenches are 
formed from the top surface of the semiconductor layer 
2 (22) to the bottom insulation film 8 or to the substrate 
83 of opposite conductivity type. Each of the gate 
trenches has side-walls that are substantially vertical to 
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the top surface and are covered with a gate insulation 
film 6. A space defined by the film 6 in each gate trench 
is filled with a buried gate electrode 7 (37). The first 
main electrode region 4 is connected to a metal elec- 
trode 10 (34, 341) formed on the top surface of the first 
semiconductor region. The second main electrode 
region 5 is connected to a metal electrode 1 1 (39. 342) 
formed on the top surface of the first semiconductor 
region. 

In this way, the present invention employs a dielec- 
tric isolation (Dl) substrate, a junction isolation (J I) sub- 
strate, or another type of isolation substrate having the 
first semiconductor layer 2 (22). The gate trenches are 
formed through the semiconductor layer 2 (22) up to the 
-bottomJnsulation film 8 or to the substrate 83 of oppo- 
site conductivity type. When the device is reverse 
biased, depletion layers 12 extend from the gate insula- 
tion films 6 and get in touch with each other to "pinch- 
off" the channel, as shown in Fig. 9A. When the device 
is forward biased, an accumulation layer 13 is formed 
around each gate insulation film 6. to increase a con- 
centration of carriers and decrease on-resistance, as 
shown in Fig. 9B. Unlike the conventional planar MOS- 
FETs that employ only the localized thin layer in the 
vicinity of the top surface of a semiconductor layer (cor- 
responding to the first semiconductor region 2 (22) of 
the present invention) as a channel, the present inven- 
tion employs the wide region extending from the top sur- 
face to the bottom surface of the first semiconductor 
region 2 (22) as a channel with the same metal elec- 
trode structure as that of the conventional planar MOS- 
FETs. The metal electrodes for the first and second 
main electrode regions are formed on the top surface of 
the first semiconductor region 2 (22). The present inven- 
tion thereby increases an effective channel width W efl of 
the device. Namely, the present invention enables the 
channel width W to be greater than a spacing S 
between the adjacent gate trenches. The effective 
channel width W eff of the device of the present invention 
is determined by the number of the gate trenches and 
the thickness W of the first semiconductor layer 2 (22), 
so that the effective channel width W 6ff of the present 
invention is quite larger than that of the conventional 
planar MOSFETs. The prior arts employ only a part of 
an active layer of a semiconductor device as a channel. 
On the other hand, the present invention employs a 
large part of the active layer as a channel. The devices 
of the present invention have the same metal electrode 
structure as that of the planar MOSFETs. Namely, the 
metal electrodes on the main electrode regions of the 
present invention are on a single plane, so that it is easy 
to separate devices on a chip from one another and lay 
surface wiring. The present invention is useful to inte- 
grate various semiconductor devices on one chip pro- 
viding, for example, a motor driving "smart power IC". 

According to the present invention, the mobility of 
carriers is high because the carriers travel through the 
bulk of the first semiconductor region 2 (22) , to easily 
increase a transconductance (g m ). Unlike the vertical 



devices, carriers in the device of the present invention 
travel in parallel with a substrate. Accordingly, it is easy 
to crystallographically select a direction in which the 
mobility \i fe or carrier velocity is maximized as shown 

5 in Fig. 57, to thereby improve an operation speed. 

The present invention easily fabricates a compli- 
cated structure such as a double gate structure (double 
gate IGBT or DGSITH) that is difficult to fabricate on the 
basis of the conventional vertical structure. The geome- 

10 try of the present invention makes it easy to form a 
localized semiconductor region in the middle point 
between the first and second main electrode regions, 
which is very difficult to be formed in the conventional 
vertical structure. 

15 Other and further objects and features of the 
present invention will become obvious upon an under- 
standing of the illustrative embodiments about to be 
described in connection with the accompanying draw- 
ings or will be indicated in the appended claims, and 

20 various advantages not referred to herein will occur to 
one skilled in the art upon employing of the invention in 
practice. 
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Brief Descrir tinn of the Drawings 

Figure 1 shows a junction FET according to a prior 
art; 

Fig. 2 shows a MOSFET according to a prior art; 
Fig. 3 shows a lateral DMOS according to a prior 
art; 

Fig. 4 shows a bipolar transistor according to a prior 
art; 

Fig. 5 shows a lateral IGBT according to a prior art; 
Fig. 6 shows a double gate SITH (DGSITH) accord- 
ing to a prior art; 

Fig. 7 shows a vertical IGBT according to a prior 
art; 

Figs. 8A and 8B are plan and sectional views show- 
ing an IGT according to a first embodiment of the 
present invention; 

Figs. 9A and 9B explain the operation of the IGT of 
the first embodiment; 

Figs. 1 0A to 1 0C explain a spacing S between adja- 
cent gate trenches and a spacing Ss between an 
outermost gate trench and a device isolating trench 
according to the present invention; 
Fig. 11 is a graph showing Id-Vg characteristics 
depending on the spacing S and Ss; 
Fig. 1 2 is a graph showing l d - V g characteristics with 
S<Ss; 

Fig. 1 3 is a graph showing l d -V g characteristics with 
S>Ss; 

Figs. 1 4A to 1 4C explain the processes of manufac- 
turing the IGT of the first embodiment; 
Figs. 15A to 15C explain other processes of manu- 
facturing the IGT of the first embodiment; 
Figs. 16A to 16E explain still other processes of 
manufacturing the IGT of the first embodiment; 
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Fig. 17 is a plan view showing an IGT according to 
a first modification of the first embodiment; 
Fig. 18 is a plan view showing an IGT according to 
a second modification of the first embodiment; 
Fig. 19 is a plan view showing an IGT according to 5 
a third modification of the first embodiment; 
Fig. 20 A is a plan view showing an IGT according to 
a fourth modification of the first embodiment; 
Figs. 20B and 20C are sectional views showing the 
IGT of Fig. 20A; 10 
Figs. 21 A to 21 C are plan, sectional, and perspec- 
tive views showing an IGT according to a second 
embodiment of the present invention; 
Rgs. 22A to 22F explain the processes of manufac- 
turing the IGT of the second embodiment; 15 
Figs. 23A and 23B are plan and sectional views 
showing an IGT according to a first modification of 
the second embodiment; 

Figs. 24A to 24D explain the processes of manufac- 
turing the IGT of the first modification of the second 20 
embodiment; 

Fig. 25 is a plan view showing an IGT according to 
a second modification of the second embodiment; 
Fig. 26A is a plan view showing an IGT according to 
a third modification of the second embodiment; 25 
Figs. 26B and 26C are sectional views showing the 
IGT of Fig. 26A; 

Figs. 27 A and 27B are plan and sectional views 
showing an IGT according to a fourth modification 
of the second embodiment; 30 
Fig. 28A is a plan view showing an IGT according to 
a fifth modification of the second embodiment; 
Rgs. 28 B and 28C are sectional views showing the 
IGT of Fig. 28A; 

Fig. 29A is a plan view showing an IGT according to 35 
a sixth modification of the second embodiment; 
Figs. 29B and 29C are sectional views showing the 
IGT of Fig. 29A; 

Fig. 30A is a plan view showing an IGBT according 
to a third embodiment of the present invention; 40 
Fig. 30B is a sectional view taken along a line A-A 
of Fig. 30A; 

Fig. 31 is a plan view showing adjacent IGBTs 
according to the third embodiment; 
Figs. 32A to 32E explain the processes of manufac- 45 
turing the IGBT of the third embodiment; 
Fig. 33 A is a plan view showing an IGBT according 
to a first modification of the third embodiment; 
Fig. 33B is a sectional view taken along a line A-A 
of Fig. 33A; so 
Figs. 34 A and 34B are plan and sectional views 
explaining the processes of manufacturing the 
IGBT of the first modification of the third embodi- 
ment; 

Fig. 35A is a plan view showing an IGBT according 55 
to a second modification of the third embodiment; 
Fig. 35B is a sectional view taken along a line A-A 
of Fig. 35A; 



Fig. 36A is a plan view showing an IGBT according 
to a third modification of the third embodiment; 
Rg. 36B is a sectional view taken along a line A-A 
of Fig. 36A; 

Rg. 36C is a sectional view taken along a line B-B 
of Fig. 36A; 

Rgs. 37A and 37B are plan views showing IGBTs 
according to a fourth modification of the third 
embodiment; 

Rgs. 38A and 38B are plan views showing IGBTs 
according to a fifth modification of the third embod- 
iment; 

Rgs. 39A and 39B are plan and sectional views 
showing a double gate IGBT according to a sixth 
modification of the third embodiment; 
Rgs. 40A and 40B are plan and sectional views 
showing an MCSITH according to a fourth embodi- 
ment of the present invention; 
Rg. 41 A is an equivalent circuit of the MCSITH of 
the fourth embodiment; 

Rg. 41 B is a waveform showing a gate drive pulse 
of the MCSITH of the fourth embodiment; 
Rgs. 42A and 42B are plan and sectional views 
showing an MCSITH according to a modification of 
the fourth embodiment; 

Rgs. 43A and 43B are plan and sectional views 
showing an MCT according to a fifth embodiment of 
the present invention; 

Rg. 44 is an equivalent circuit of the MCT of the fifth 
embodiment; 

Rgs. 45A and 45B are plan and sectional views 
showing an EST according to a sixth embodiment 
of the present invention; 

Rg. 46 is an equivalent circuit of the EST of the 
sixth embodiment; 

Rg. 47A is a plan view showing an HEMT accord- 
ing to a seventh embodiment of the present inven- 
tion; 

Rg. 47B is a sectional view taken along a line A-A 
of Fig. 47A; 

Rg. 47C is a sectional view taken along a line B-B 
of Fig. 47A; 

Rgs. 48A to 48D explain the processes of manufac- 
turing the HEMT of the seventh embodiment; 
Rg. 49 is a plan view showing a divided gate IGT 
according to an eighth embodiment of the present 
invention; 

Rgs. 50A to 50C are plan views showing divided 
gate IGTs according to modifications of the eighth 
embodiment; 

Rg. 51 is a plan view showing a semiconductor 
device according to a ninth embodiment of the 
present invention; 

Rg. 52 shows the ld-V g characteristics of the semi- 
conductor device of the ninth embodiment; 
Rgs. 53A and 53B are plan views showing semi- 
conductor devices according to the ninth embodi- 
ment; 
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Fig. 54 is a plan view showing a semiconductor 
device according to a modification of the present 
invention; 

Fig. 55 is a plan view showing an array of unit cells 
according to another modification of the present s 
invention; 

Figs. 56A and 56B are a circuit diagram and a plan 
view showing an arrangement of semiconductor 
devices according to still another modification of the 
present invention; 

Fig. 57 shows the crystal-plane orientation depend- 
ency of the mobility of carriers; 
Fig. 58 is another modification of the first embodi- 
ment; 

Fig. 59 is„ still another modification of the first 
embodiment; 

Fig. 60 is another modification of the second 
embodiment; 

Fig. 61 is still another modification of the second 
embodiment; 

Fig. 62 is another modification of the third embodi- 
ment; 

Fig. 63 is still another modification of the third 
embodiment; and 

Fig. 64 is still another modification of the third 
embodiment. 

retailed Desr riptinn of the Embodiments 

Various embodiments of the present invention will 
be described with reference to the accompanying draw- 
ings. It is to be noted that the same or similar reference 
numerals are applied to the same or similar parts and 
elements throughout the drawings, and the description 
of the same or similar parts and elements will be omit- 
ted or simplified. Generally and as it is conventional in 
the representation of semiconductor devices, it will be 
appreciated that the various drawings are not drawn to 
scale from one figure to another nor inside a given fig- 
ure, and in particular that the layer thicknesses are arbi- 
trarily drawn for facilitating the reading of the drawings. 

(First embodiment) 

Figure 8A is a plan view showing an insulated-gate 
transistor (IGT) formed on an SOI substrate according 
to the first embodiment of the present invention, and 
Fig. 8B is a sectional view showing the same. Figures 
9A and 9B show the region in the vicinity of gates of the 
IGT and explain the operation of the IGT. A device iso- 
lating insulation film 1 and an isolation filler 3 isolate an 
n-type semiconductor layer (a first semiconductor 
region) 2 from adjacent devices. At opposite ends of the 
semiconductor layer 2, an n + -type source diffusion layer 
(a second semiconductor region) 4 and an n + -type drain 
diffusion layer (a third semiconductor region) 5 are 
formed. The impurity concentration of the diffusion lay- 
ers 4 and 5 is about 1 x 10 18 to 1 x 10 21 cm' 3 . The 
regions 4 and 5 reach a bottom insulation film 8. The top 



of the source 4 has a metal source electrode 10, and the 
top of the drain 5 has a metal drain electrode 11. Five 
gate trenches are formed at the middle point between 
the source and drain diffusion layers 4, 5 in the semi- 
conductor layer 2. 

The first embodiment employs the SOI substrate 
having the bottom insulation film 8 such as an oxide 
(SiO^ film on which the n-type semiconductor layer 2 
serving current paths, or channels is formed. The SOI 
substrate is formed according to, for example, a silicon 
direct bonding (SDB) technique. The semiconductor 
layer 2 is surrounded by a U-shaped device isolating 
trench. The side-walls of the trench are covered with the 
device isolating insulation films 1. A space defined by 
the insulation film 1 in the trench is filled with the isola- 
tion filler 3 to form a dielectric isolation (Dl) structure. 
Figure 8A shows only one side-wall of the trench. The 
gate trenches formed at the center of the semiconductor 
layer 2 reach the bottom insulation film 8. The side-walls 
20 of each gate trench are covered with a gate insulation 
film such as Si0 2 film 6 Of 30 to 150 nm thick. A space 
defined by the film 6 in the gate trench is filled with a 
buried gate electrode 7 made of, for example, doped 
polysilicon (DOPOS). The gate electrode 7 may be 
25 made of refractory metal such as W (tungsten), silicide 
thereof such as WSi 2 , MoSi 2 , TiSi 2 , and CoSi 2 , or poly- 
cide thereof. 

Adjacent gate insulation films 6 are spaced from 
each other by a spacing S. and an outermost gate insu- 
30 lation film 6 and the device isolation film 1 are spaced 
from each other by a spacing Ss. The spacing S and Ss 
are designed to pinch-off channels by gate depletion 
layers formed in the semiconductor layer 2. To pinch-off 
the channels without an applied gate voltage, S - 1 .6 n 
35 m and Ss = 0.8 *i m or shorter when the impurity con- 
centration N D of the semiconductor layer 2 is about 1 x 
10 15 cm" 3 If N D - 1 x 10 14 cm' 3 , S = 4.5 ^ m or shorter, 
and if N D = 1 x 10 13 cm" 3 , S = 12 n m or shorter. With 
these values of N D and S, a depletion layer 12 extends 
40 to pinch off each channel formed in the semiconductor 
layer 2 as shown in Fig. 9A. These values may be 
changed according to the type and thickness of the gate 
insulation film 6 and an interface level between the film 
6 and the semiconductor layer 2. Here, Ss must be 
45 smaller than S/2. and Ss may be 0. When Ss = 0, the 
outermost gate oxide film 6 is in contact with the device 
isolation film 1. When a metal gate electrode 9 formed 
on the buried gate electrodes 7 is negatively (reverse) 
biased, the depletion layers 12 penetrate from each 
so gate insulation film 6 into the semiconductor layer 2 as 
shown in Fig. 9A, to disconnect the source 4 from the 
drain 5 and thereby turn off the device. When the metal 
gate electrode 9 is positively (forward) biased, an accu- 
mulation layer 13 having low on-resistance is formed 
around each gate insulation film 6 as shown in Fig. 9B, 
to pass a current between the source 4 and the drain 5. 
The device will provide a normally-off operation if N D 
and S are designed to pinch-off each channel with a 
gate voltage of zero and produce the accumulation layer 
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13 with a forward bias voltage. The device will provide a 
normally-on operation if N D and S are designed to leave 
a neutral undepleted region in each channel with a gate 
voltage of zero and pinch-off each channel with a prede- 
termined gate voltage. In practice, a pinch-off point and 5 
the potential at the pinch-off point change depending on 
a voltage applied to the drain 5. Accordingly, it is neces- 
sary to consider two-dimensional potential distribution 
involving gate and drain voltages. When a gate length L 
is sufficiently short as shown in Figs. 9A and 9B, the 10 
pinch-off point corresponds to a mathematical "saddle 
point" that is determined by the gate and drain voltages. 

A relationship between the spacing Ss (between 
the outermost gate insulation film 6 and the device iso- 
lation film 1) and the spacing S (between the adjacent is 
gate insulation films 6) is determined according to appli- 
cation field of the IGT. Figures 10A to 10C show deple- 
tion layers 12 formed in IGTs with S = 2Ss in Fig. 10A, 
S < 2Ss in Fig. 10B, and S > 2Ss in Fig. 10C. In Fig. 10B 
with S < 2Ss, outermost channels are not pinched off 20 
when intermediate channels are pinched off, to cause a 
leakage current. In this case, l d -V g characteristics with a 
large gate voltage V g deviate from linear characteristics 
as shown in Fig. 1 1. An abscissa of Fig. 1 1 indicates a 
gate voltage normalized by a gate voltage V g0 at which 2s 
the intermediate channels are pinched off. If S > 2Ss as 
shown in Fig. 10C, the outermost channels are first 
pinched off, so that the l d -V g characteristics deviate 
from the linear characteristics in a region where V g is 
small. When the channels are simultaneously pinched 30 
off as shown in Fig. 10A, the l d -V g characteristics are 
linear as shown in Fig. 1 1 . The l d -V g characteristics of 
Fig. 1 1 do not take an effect of a drain voltage into con- 
sideration. The drain voltage reduces the barrier height 
and produces a current even if V g = V g0 . According to 35 
a two-dimensional potential analysis that considers the 
drain voltage, there is a region in which the ld-Vg char- 
acteristics follow an exponential law. The barrier height 
depends both on the gate and drain voltages. The 
decreased barrier height induces the injection of elec- 40 
trons over the potential barrier, which is similar to that in 
the emitter-base junction of a bipolar transistor. For the 
sake of simplicity, the following explanation is based on 
one-dimensional potential. The effect of the outermost 
channels will be relatively small if the number of chan- 45 
nels is large. Figure 12 shows l d -V g characteristics of an 
IGT having five gate trenches, i.e., six channels and an 
IGT having 39 gate trenches, i.e., 40 channels both with 
S < Ss, and Fig. 13 shows l d -V g characteristics of the 
same IGTs but with S > Ss. In each figure, the effect of so 
the outermost channels of the 39-trench IGT indicated 
with a solid lines is smaller than that of the 5-trench IGT 
indicated with a dotted line. 

Figures 1 4A to 1 4C show the processes of manu- 
facturing the IGT of the first embodiment. 55 

(1) On a substrate having a predetermined plane, 
for example. (100) plane of a silicon substrate 82, 
an Si0 2 film is formed as a bottom insulation film 8 



to a thickness of 1 u m according to a thermal oxidi- 
zation technique or a CVD technique. The CVD 
technique may use SiH 4 and N 2 0, or organic silicon 
such as TEOS (tetraethylorthosilicate, 
Si(OC 2 H 5 )4). The surface of the bottom insulation 
film 8 is polished to obtain mirror like surface. An n- 
type silicon substrate 2 (a first semiconductor 
region) is prepared and polished to have a mirror 
surface. Both substrates 82, 2 are mated with fac- 
ing mirror surface to mirror surface. The n-type sili- 
con substrate 2 is adhered to the bottom insulation 
film 8 of the substrate 82 as shown in Fig. 8B. They 
are heat-treated to form an SOI substrate according 
to the SDB technique. The heat treatment may be 
carried out by applying a voltage. The substrate 2 is 
polished to obtain a required thickness, or a gate 
width W of, for example, 10 u. m. 

(2) The surface of the substrate 2 is thermally oxi- 
dized to form an oxide film 21 of 350 to 700 nm 
thick. The oxide film 21 is etched according to a 
photolithography technique, to form windows 304 
and 305 as shown in Fig. 14 A. The oxide film 21 is 
used as an etching mask to form first and second 
trenches 314 and 315 through the semiconductor 
layer 2 up to the bottom oxide film 8 according to an 
RIE or ECR ion etching technique using SF 6 , CF 4 , 
or SiCI 4 . n-type impurities are horizontally diffused 
from the side-walls of the trenches 314 and 315 
according to a vapour-phase diffusion technique 
employing POCI 3 , AsCI 3 , SbCI 5 , etc. The horizontal 
diffusion is carried out to a required depth, to form 
an n + -type source diffusion layer 4 and n + -type 
drain diffusion layer 5. 

(3) Third and fourth trenches 316 and 317 and gate 
trenches 361 to 365 are formed up to the bottom 
oxide film 8 as shown in Fig. 14C according to the 
photolithography technique and the RIE or ECR ion 
etching technique using SF 6 , CF 4 , or SiCI 4 . At this 
time, the oxide film 21 is used again as an etching 
mask. 

(4) Gate oxide films 6 and device isolating insula- 
tion films 1 are formed on the side-walls of the gate 
trenches 361 to 365 and trenches 314 to 317 
according to, for example, the thermal oxidization 
technique. 

(5) Spaces defined by the gate oxide films 6 and 
insulation films 1 in these trenches are filled with 
non-dope polysilicon (NDPOS) 3 according to, for 
example, a reduced-pressure CVD technique. 
Instead of NDPOS, oxygen doped polysilicon, i.e., 
semi -insulating poly-silicon (SIPOS) may also be 
used. 

(6) Impurities such as boron (B) are diffused into 
the NDPOS in the gate trenches according to an ion 
implantation technique and a heat treatment, to 
form buried gate electrodes 7. Instead, the device 
isolating trenches and gate trenches may be sepa- 
rately filled with NDPOS for the isolating trenches 
and DOPOS for the gate trenches according to the 
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CVD technique. It is preferable to fill the gate 
trenches with refractory metal such as W, or silicide 
thereof according to a selective CVD technique, to 
decrease the resistance of the buried gate elec- 
trodes 7. 5 

(7) Diffusion windows are formed at predetermined 
positions on the oxide film 21 according to the pho- 
tolithography technique. Ions of 75 As + or 31 P + are 
implanted through the windows at an acceleration 
voltage of 50 to 80 KeV and a dose <D of 6 x 1 0 1 5 to 10 
2 x 1 0 1 6 cm" 2 , and a heat treatment is carried out to 

a predetermined depth, to form an n ++ -type source 
contact layer 44 and n ++ -type drain contact layer 55 
as shown in Fig. 8B. The source and drain contact 
layers 44 and-55 may be omitted. Jt is preferable to is 
form them to decrease ohmic contact resistance 
with respect to a metal source electrode 10 and 
metal drain electrode 1 1 and decrease on-resist- 
ance. 

(8) Contact holes (or contact windows) are opened 20 
according to the photolithography technique, and 
the metal source electrode 10, metal drain elec- 
trode 11, and metal gate electrode 9 are formed 
according to a metallization process with Al. Ti/AI, 
Al-Si, etc. This completes the semiconductor 25 
device of the first embodiment of Figs. 8A and 8B. 

When the thickness W of the active n-type silicon 
substrate 2 is about 5 *i m, it is relatively easy to diffuse 
phosphorus (P) from the top surface of the substrate 2 so 
to the depth of 5 ^ m. If the thickness W is 10 to 20 u m, 
the diffusion of P requires a long time at high tempera- 
tures of 1150 to 1200 degrees centigrade, and such 
heat treatment may cause crystal defects. If the diffu- 
sion is deep, impurities will diffuse horizontally to pre- 35 
vent a fine structure and reduce the effective area for 
channels. This reduced channel area increases an on- 
voltage per unit chip area. The long diffusion time 
increases manufacturing costs. Instead of diffusing 
impurities from the top surface of the substrate 2, the 40 
present invention horizontally diffuses them from the 
side-walls of trenches, to form the source and drain dif- 
fusion layers 4 and 5. Consequently, the present inven- 
tion prevents the crystal defects, realizes a fine 
structure appropriate for a high-speed operation, and 45 
improves productivity. 

The manufacturing processes mentioned above are 
only examples. The trenches 316 and 317 may be 
formed first, and then the trenches 314 and 315 may be 
formed as shown in Figs. 1 5A to 1 5C. so 

a) In Fig. 1 5 A, the trenches 316 and 31 7 are formed 
first and are covered with device isolating insulation 
films 1 . A space defined by the film 1 in each trench 

is filled with an isolation filler 3. 55 

b) In Fig. 1 5B, the trenches 31 4 and 31 5 are formed 
first according to the photolithography and RIE 
techniques. The trench 314 is not shown in Fig. 
15B. 



c) In Fig. 15C, the side-walls of the trenches 314 
and 315 are used as diffusion windows to horizon- 
tally diffuse n + -type impurities and form n + -type 
source and drain diffusion layers 4 and 5 extending 
up to the bottom insulation film 8. The source layer 
4 is not shown in Fig. 15C. 

d) The side wall of trenches 314 and 315 are cov- 
ered with device isolating insulation films 1 . and a 
space defined by the film 1 in each trench is filled 
with an isolation filler 3, for example, NDPOS. 

e) Gate trenches 361 to 365 are formed up to the 
bottom insulation film 8. The side-walls of each of 
the gate trenches is covered with a gate insulation 
film 6. A space defined by the film 6 in each gate 
trench is filled with, for example, DOPOS to form a 
buried gate electrode 7. 

Thereafter, the processes (7) and (8) mentioned 
above are carried out. 

Figures 16A to 16E show the processes of manu- 
facturing an IGT of Ss ^ 0. Each outermost gate trench 
is in contact with a device isolating region. Figure 16A 
shows a device isolating trench filled with, for example, 
NDPOS. In Fig. 16B, gate trenches 361 to 365 are 
formed according to. for example, the ECR ion etching 
technique employing, for example, C 3 F 8 . At this time, 
the outermost trenches 361 and 365 are each formed 
through a device isolating insulation film 1 into the 
NDPOS layer 3 as shown in Figs. 16B and 16C. Figure 
16C is a perspective view showing the trench 361. In 
Fig. 16D, a gate insulation film 6 is formed on the side- 
walls of each of the gate trenches 361 to 365 according 
to, for example, the thermal oxidization technique. A 
space defined by the film 6 in each gate trench is filled 
with isolation filler to form a buried gate electrode 7. 
This completes the IGT of Ss =i 0. 

Although the number of gate trenches in the above 
explanation is five as shown in Fig. 8A, this does not 
limit the present invention. The number of gate trenches 
of the present invention is at least one and is optionally 
chosen according to a required operation current. 

(Example 1-1) 

Figure 17 is a plan view showing an IGT according 
to the first modification of the first embodiment. This 
modification elongates a length of a gate trench along a 
current path (a channel), to actively use the effect of an 
accumulation layer 1 3. The length L of the channel is, 
for example, 50 to 150 n m. When the device is forward 
biased, the accumulation layer 13 is formed to increase 
a carrier concentration in an n-type semiconductor layer 
2. At this time, an effective channel width W eff is deter- 
mined by the thickness W (or channel width W) of the 
semiconductor layer 2, to realize low on-resistance. 
Spacings among the gate trenches of this modification 
are determined to be Ss < S/2 or Ss > S/2 according to 
requirements. Ss < S/2 is usually preferable. In an extre- 
mal case, Ss = 0 so that each outermost gate oxide film 
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6 is in contact with a device isolating oxide film 1 as 
shown in Fig. 16E. 

(Example 1-2) 

Figure 1 8 is a plan view showing an IGT according 
to the second modification of the first embodiment. This 
modification is useful when a required breakdown volt- 
age of the device is not too high. A channel length L is 
long so that an accumulation layer may extend from an 
n + -type source drffusion layer 4 to an n + -type drain diffu- 
sion layer 5, to decrease on-resistance. Since each gate 
insulation film 6 is in the source and drain regions 4 and 
5, the breakdown voltage of the device is determined by 
that of the gate insulation film 6. 

(Example 1-3) 

Figure 19 is a plan view showing an IGT according 
to the third modification of the first embodiment. Gate 
trenches are arranged adjacent to an n + -type source 
diffusion layer 4. Electrons pass through an accumula- 
tion layer 13 formed around each gate oxide film 6 and 
drift through an n + -type semiconductor layer 25 in front 
of a drain diffusion layer 5. At this time, the electrons are 
accelerated by a strong electric field of the drain 5. If the 
concentration of electrons injected into this part is suffi- 
ciently high, on-resistance in the semiconductor layer 
25 will be ignorable. Since carriers travel through the 
bulk of the layer 25. a decrease in the mobility of carriers 
at the surface of the layer 25 causes no trouble. The 
cross -sectional area of the drift layer 25 orthogonal to 
the drifting direction of carriers is large to decrease on- 
resistance. Namely, the drift layer 25 increases a, gate- 
drain breakdown voltage and minimizes on-resistance. 
A gate length (channel length) L may be shortened to 2 
to 5 u m, and each short gate may be arranged adjacent 
to the source 4. This results in eliminating negative 
feedback due to the resistance of each channel, to 
achieve a MOSSIT operation. In this case, the electric 
field of the drain 5 affects the height of a potential barrier 
in front of the source 4. As a result, electrons are 
injected over a saddle point determined by gate poten- 
tial and drain potential, and the electrons drift through 
the semiconductor layer 25 to reach the n + drain 5. 
Unlike the conventional MOSSIT, each of the channels 
of the third modification is deep from the top surface of 
an n-type semiconductor layer 2 and lets electrons 
travel in parallel with the top surface of the layer 2. 
Accordingly, an effective channel width W eff according 
to the third modification is larger than that of the conven- 
tional MOSSIT. Namely, the device of the present inven- 
tion is completely different from the conventional 
MOSSIT in that a main current of the present invention 
is distributed vertically to the top surface of the sub- 
strate. The transconductance (g m ) of the MOSSIT is 
determined by the mobility of carriers in a bulk. Since 
carriers travel deep in the IGT of the present invention, 
the transconductance (g m ) of the device is larger than 
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that of the conventional planar MOSSIT This is also 
true for a device having a long channel length because 
the present invention distributes a main current verti- 
cally to the top surface of the device to increase a 
5 transconductance (g m ) and an operation speed higher 
than those of the conventional planar MOSFET. 

(Example 1-4) 

10 The first embodiment of the present invention is not 
limited to IGTs having a dielectric isolation (Dl) struc- 
ture. Figures 20A to 20C show an IGT having a pn junc- 
tion isolation (J I) structure according to the fourth 
modification of the first embodiment. Figure 20A is a 

75 plan view, Fig. 20B is a sectional view taken along a line 
A- A of Fig. 20A, and Fig. 20C is a sectional view taken 
along a line B-B of Fig. 20A. An island-like n"-type sem- 
iconductor layer 2 is formed on a p-type substrate 83 
and is surrounded by a p + -type isolation region 84. At 

20 opposite ends of the semiconductor layer 2, an nMype 
source diffusion layer 4 and an n + -type drain diffusion 
layer 5 are formed. Gate trenches are formed between 
the source 4 and the drain 5. The side-walls of each of 
the gate trenches is covered with a gate insulation film 

25 6. A space defined by the gate insulation film 6 in each 
gate trench is filled with a buried gate electrode 7. The 
gate trenches reach the substrate 83. The source 4 and 
drain 5 are not in contact with the substrate 83, to pro- 
vide a high breakdown voltage. A channel width (a gate 

30 width) W is vertical to the surface of the device, and 
therefore, is freely determined without regard to the sur- 
face area of a chip, to thereby greatly decrease on- 
resistance per unit chip area. 



Figure 21 A is a plan view showing an IGT accord- 
ing to the second embodiment of the present invention, 
Fig. 21 B is a sectional view taken along a line A-A of 

40 Fig. 21A, and Fig. 21C is a perspective view showing a 
part of the device. The device has a bottom insulation 
film 8 made of. for example, an oxide film on which an n" 
-type semiconductor layer (a first semiconductor region) 
22 is formed to provide an SOI substrate. Similar to the 

45 first embodiment, the SOI substrate is formed according 
to, for example, the SDB technique. The semiconductor 
layer 22 is surrounded by a device isolating trench cov- 
ered with a device isolating insulation film 1 . A space 
defined by the film 1 in the trench between adjacent 

so devices is filled with an isolation filler 3, to provide a Dl 
structure. Gate trenches are formed from the top sur- 
face of the semiconductor layer 22 up to the bottom 
insulation film 8. Each gate trench is covered with a gate 
insulation film 6 of 30 to 150 nm thick. A space defined 

55 by the gate insulation film 6 in each gate trench is filled 
with a buried gate electrode 7 made of, for example, 
DOPOS. The electrode 7 may be made of refractory 
metal such as W (tungsten), silicide thereof such as 
WSi 2 , MoSi2, TiSi 2 . and CoSi 2 , or polycide thereof. A 
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metal source electrode 10 and metal drain electrode 1 1 
are formed at predetermined positions on opposite 
ends of the same top surface of the semiconductor layer 
22. Under the source electrode 10, an n + -type source 
diffusion layer (a second semiconductor region) 4 is 5 
formed. Under the drain electrode 1 1 , an n + -type drain 
diffusion layer (a third semiconductor region) 5 is 
formed. The source 4 and drain 5 have an impurity con- 
centration of 1 x 1 0 18 to 1 x 1 0 21 cm" 3 and reach the bot- 
tom insulation film 8. Along an interface between the 10 
source 4 and the semiconductor layer 22, a p-type base 
layer (a fourth semiconductor region) 23 is formed up to 
the bottom insulation film 8. The semiconductor layer 22 
between the base 23 and the drain 5 forms an n"-type 
drift layer 22. The source electrode 10 shqrt-rircuitsthe 15 
source 4 to the base 23. 

To turn on the IGT, the source electrode 10 is 
grounded, a positive voltage is applied to the drain elec- 
trode 1 1 , and a positive voltage is applied to the buried 
gate electrodes 7 with respect to the source electrode 20 
10. When the positive voltage is applied to the buried 
gate electrodes 7, an inversion channel is formed 
around the side-walls of the base 23, to pass electrons 
from the source 4 into the drift layer 22 through the 
inversion channel, to thereby turn on the IGT 25 

When a voltage lower than a threshold or a nega- 
tive voltage is applied to the buried gate electrodes 7, 
the inversion channel disappears to stop injecting elec- 
trons from the source 4 and turn off the IGT. 

As is apparent in Fig. 21 B, an effective channel 30 
width W eff of the IGT is determined by the product of the 
thickness W (or channel width W) of the drift layer 22 
and the number of channels and is freely chosen in a 
depth direction vertical to the top surface of the sub- 
strate even if a chip area is limited. Hence, the on-resist- 35 
ance per unit chip area of the second embodiment is 
very small. Electrons effectively travel in the bulk of the 
drift layer 22 without the influence of surface scattering 
or surface defects. In this way. the second embodiment 
improves the mobility of electrons, decreases on-resist- 40 
ance, and hastens a switching speed. 

Figures 22A to 22F explain the processes of manu- 
facturing the IGT of the second embodiment. 

a) A bottom insulation film 8 is formed on a silicon 45 
substrate 82, and an n"-type semiconductor layer 

22 is formed on the film 8 according to the SDB 
technique similar to the first embodiment. An oxide 
film 21 of 350 to 700 nm thick is formed on the sem- 
iconductor layer 22 according to the thermal oxidi- so 
zation technique. Predetermined positions of the 
oxide film 21 are etched off according to the photo- 
lithography and RIE techniques. 

b) In Fig. 22A, the oxide film 21 is used as an etch- 
ing mask to form trenches 316 and 317 up to the ss 
bottom insulation film 8 according to the RIE or 
ECR ion etching technique. A device isolating insu- 
lation film 1 is formed in each trench, and an isola- 



tion filler 3 made of, for example, NDPOS is 
deposited. 

c) In Fig. 22B, a trench 314 is formed up to the bot- 
tom insulation film 8 according to the photolithogra- 
phy and RIE techniques. The side-walls of the 
trench 314 are used as diffusion windows to hori- 
zontally diffuse p-type impurities such as boron (B), 
to form a p-type base layer 23. Figure 22C is a sec- 
tional view of Fig. 22B. showing that the base layer 
23 is formed up to the bottom insulation film 8 by 
the horizontal diffusion. 

d) In Fig. 22D, a trench 315 is formed up to the bot- 
tom insulation film 8 according to the photolithogra- 
phy and RIE techniques. The side-walls of the 
trenches 314 and 315 are used_as diffusion win- 
dows to horizontally diffuse n + -type impurities such 
as phosphorus (P) or arsenic (As) to form an n + - 
type source diffusion layer 4 and n + -type drain diffu- 
sion layer 5 up to the bottom insulation film 8 as 
shown in Fig. 22E. Figure 22D is a plan view, and 
Fig. 22E is a sectional view. 

e) In Fig. 22F, a comb-like gate trench is formed. 
The gate trench extends beyond the base 23 up to 
the semiconductor layer 22, i.e., the drift layer 22. 
The side-walls of the gate trench is covered with a 
gate insulation film 6, and a buried gate electrode 7 
is formed from, for example, DOPOS. 

f) Returning to Fig. 21 B, a metal source electrode 
10 is formed to short-circuit the source 4 to the 
base 23. and a metal drain electrode 1 1 is formed 
on the drain layer 5, to complete the IGT of the sec- 
ond embodiment. 

The second embodiment is not limited to the struc- 
ture mentioned above. Various modifications are possi- 
ble. 

(Example 2-1) 

Figure 23A is a plan view showing an IGT accord- 
ing to the first modification of the second embodiment, 
and Fig. 23B is a sectional view taken along a line A-A 
of Fig. 23A. This modification employs independent 
gate trenches each having a gate insulation film 6 and 
buried gate electrode 7. The buried gate electrodes 7 
are connected to one another with surface wiring. 
Unlike the separated sources 4 of Fig. 21 A, the modifi- 
cation of Fig. 23A employs a common comb-like n + -type 
source diffusion layer 4. 

The gate trenches are deep to reach a bottom insu- 
lation film 8, and a channel width W is vertical to the top 
surface of the substrate. Accordingly, an effective chan- 
nel width W eff is freely extended without regard to the 
surface area of the substrate, to decrease on-resistance 
and increase a current. The IGT of the first modification 
is easily manufactured according to the processes of 
Figs. 24A to 24D. 
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a) In an SOI substrate, a p-type base layer 23 and 
n-type source and drain diffusion layers 4 and 5 are 
formed as shown in a plan view of Fig. 24A and a 
sectional view of Fig. 24B. Processes used are the 
same as those of Figs. 22A to 22 E. 5 

b) The side walls of trenches 314 and 315 used as 
windows for horizontally diffusing impurities to form 
the n + source and drain layers 4 and 5 are thermally 
oxidized to form a device isolating oxide film 1 . A 
space defined by the film 1 is filled with an isolation 10 
filler 3 such as NDPOS according to the CVD tech- 
nique as shown in Figs. 24C and 24D. 

c) Gate trenches are formed up to a bottom insula- 
tion film 8, and the side-walls of each gate trench is 
covered with a gate insulation film 6 as shown in 75 
Fig. 23A. A space defined by the gate insulation film 

6 is filled with, for example, DOPOS to form a bur- 
ied gate electrode 7, to thereby complete the IGT of 
Figs. 23A and 23B. 

20 

(Example 2-2) 

Figure 25 is a plan view showing an IGT according 
to the second modification of the second embodiment. 
A p-type base layer 23 is long to reach an n + -type drain 25 
diffusion layer 5, and gate trenches extend from an n + - 
type source diffusion layer 4 to the drain 5. When an 
SOI substrate is formed according to the SDB tech- 
nique, the p-type semiconductor layer (a first semicon- 
ductor region) 23 is formed on a bottom insulation film 8. 30 
Thereafter, n + -type impurities are horizontally diffused 
from the side-walls of trenches, to form the source 4 and 
drain 5. A channel width W extends vertically to the sur- 
face of the substrate, and therefore, the on-resistance of 
the device can be decreased without regard to the sur- 35 
face area of the substrate. 

(Example 2-3) 

Figure 26A is a plan view showing an IGT accord- 40 
ing to the third modification of the second embodiment, 
Fig. 26B is a sectional view taken along a line A- A of 
Fig. 26 A, and Fig. 26C is a sectional view taken along a 
line B-B of Fig. 26A. The third modification has a junc- 
tion isolation (J I) structure. On a p-type substrate 83, an 45 
n-type semiconductor layer (a first semiconductor 
region) 22 is epitaxially grown. The semiconductor layer 
22 works as an n -type drift layer 22, which is sur- 
rounded by a p + -type diffusion region 84, to form the J I 
structure. so 

An island-like p-type base layer (a fourth semicon- 
ductor region) 23 is formed in a part of the semiconduc- 
tor layer 22 to have common top surface to the top 
surface of the semiconductor layer 22. An n + -type 
source diffusion layer (a second semiconductor region) ss 
4 is formed inside the base 23. An n + -type drain diffu- 
sion layer (a third semiconductor region) 5 is formed 
away from the base 23 in the semiconductor layer 22. To 
improve a drain breakdown voltage, it is preferable that 



the drain 5 is not in touch with the substrate 83. Gate 
trenches are formed away from the substrate 83 up to 
substantially the same depth as that of the base 23. A 
channel width W is equal to the depth W of the gate 
trenches, so that the channel width W may be increased 
without regard to the surface area of the semiconductor 
substrate, to thereby decrease the on-resistance of the 
device. 

(Example 2-4) 

Figure 27 A is a sectional view showing an IGT 
according to the fourth modification of the second 
embodiment. A p-type base layer 23 is deep to reach a 
p-type substrate 83. It is preferable that gate trenches 
are deep to reach the substrate 83 as shown in Fig. 
27B, to increase a channel width W and decrease on- 
resistance. 

(Example 2-5) 

Rgure 28A is a plan view showing an IGT accord- 
ing to the fifth modification of the second embodiment, 
Fig. 28B is a sectional view taken along a line A-A of 
Fig. 28A, and Fig. 28C is a sectional view taken along a 
line B-B of Fig. 28A. Similar to the second embodiment 
of Figs. 21 A to 21C, an n -type semiconductor layer (a 
first semiconductor region) 22 is formed on a bottom 
insulation film 8. to form an SOI structure. The fifth mod- 
ification is characterized in a device isolating structure. 
The semiconductor layer 22, i.e.. a drift layer is sur- 
rounded by a V-shaped trench, which is covered with a 
device isolating insulation film 1 . A space defined by the 
film 1 in the trench is filled with an isolation filler 3. The 
V-shaped trench that forms a Dl structure is formed with 
the use of an anisotropic etching solution such as a 
KOH solution or an ethylenediamine (NH 2 (CH 2 )2NH 2 ) 
and pyrocatechol C 6 H 4 (OH) 2 (EDP) solution. Except 
the V-shaped isolation trench, the fifth modification is 
substantially equal to the third modification. It is prefer- 
able to form n + -type drain diffusion layer 5 deeply 
enough to reach the bottom insulation film 8. By deep 
n + -type drain diffusion layer, electrons drift in the bulk 
region of n -type semiconductor layer 22 without the 
influence of surface scattering. 

(Example 2-6) 

Rgure 29A is a plan view showing an IGT accord- 
ing to the sixth modification of the second embodiment, 
Fig. 29B is a sectional view taken along a line A-A of 
Fig. 29A, and Fig. 29C is a sectional view taken along a 
line B-B of Fig. 29 A. This modification has a V-shaped 
isolation structure similar to the fifth modification but dif- 
fers from the same in that an n'-type drift layer (a first 
semiconductor region) 22 is epitaxially grown on a p- 
type substrate 83. Compared with the SOI structure, the 
structure of the sixth modification has better crystal 
quality to improve the mobility of electrons in the drift 
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layer 22, realize a high-speed operation, and decrease 
on-resistance. The bottom of the drift layer 22 forms a 
pn junction isolation (J I) structure and the periphery 
thereof forms a dielectric isolation (Dl) structure. 

(Third embodiment) 

Figure 30A is a plan view showing an IGBT accord- 
ing to the third embodiment of the present invention, 
and Fig. 30B is a sectional view taken along a line A-A 
of Fig. 30A. An n"-type semiconductor layer (a first sem- 
iconductor region) 22 is formed on a bottom insulation 
film 8 made of, for example, an oxide film, to form an 
SOI substrate. The SOI substrate is formed according 
to the SDB technique. The semiconductor layer 22 is 
surrounded by a device isolating trench whose side- 
walls are each covered with a device isolating insulation 
film 1. A space defined by the film 1 in the isolation 
trench is filled with an isolation filler 3, to form a Dl struc- 
ture. Gate trenches are formed through the semicon- 
ductor layer 22 up to the bottom insulation film 8. The 
side-walls of each gate trench are covered with a gate 
insulation film 6 of 30 to 150 nm thick. A space defined 
by the film 6 in each gate trench is filled with, for exam- 
ple, DOPOS to form a buried gate electrode 37. The 
buried gate electrode 37 may be made of refractory 
metal such as W (tungsten), silicide thereof such as 
WSi 2 , MoSi 2 , TuiSi 2 . and CoSi 2 , or polycide thereof. At 
predetermined position on opposite ends of the same 
top surface of the semiconductor layer 22, a metal emit- 
ter electrode 34 and a metal collector electrode 39 are 
formed. Under the emitter electrode 34, an n + -type 
emitter layer (a second semiconductor region) 24 is 
formed. Under the collector electrode 39, a p + -type col- 
lector layer (a third semiconductor region) 29 is formed. 
The emitter 24 and collector 29 have each an impurity 
concentration of about 1 x 10 18 to 1 x 10 21 cm' 3 and 
reach the bottom insulation film 8. A p-type base layer (a 
fourth semiconductor region) 23 is formed along an 
interface between the emitter 24 and the semiconductor 
layer 22 up to the bottom insulation film 8. The semicon- 
ductor layer 22 between the base 23 and the collector 
29 is called a drift layer 22. 

To turn on the IGBT, the emitter electrode 34 is 
grounded, a positive voltage is applied to the collector 
electrode 39, and a positive voltage is applied to the 
buried gate electrode 37 with respect to the emitter 
electrode 34. When the positive voltage is applied to the 
buried gate electrode 37, an inversion channel is formed 
along the side-walls of the base 23, similar to a MOS- 
FET As a result, electrons are injected from the emitter 
24 into the drift layer 22 through the inversion channel. 
The injected electrons induce an injection of holes from 
the collector 29. Namely, the injected electrons from the 
emitter 24 decrease the barrier height in a pn junction 
between the collector 29 and the drift layer 22 and the 
pn junction is forward biased to cause a conductivity 
modulation in the drift layer 22 by injected holes and 
electrons. As a result, the device becomes conductive, 



and the resistance of the drift layer 22, which is origi- 
nally high, decreases due to the conductivity modula- 
tion, to provide low on-resistance characteristics even if 
the impurity concentration of the n* drift layer 22 is low 

s and even if the distance between the p base 23 and the 
p + collector 29 is large to increase a breakdown voltage 
or blocking voltage. To turn off the IGBT, a negative volt- 
age is applied to the buried gate electrode 37 with 
respect to the emitter electrode 34. When the negative 

w voltage is applied to the buried gate electrode 37, the 
inversion channel along the side-walls of the p base 23 
disappears to stop the injection of electrons from the n + 
emitter 24. At this time, the n" drift layer 22 still contains 
electrons. Holes accumulated in the n" drift layer 22 

is mostly pass through the p base 23 into the emitter elec- 
trode 34 and partly recombine with the electrons in the 
n" drift layer 22, to disappear. Once the holes accumu- 
lated in the n' drift layer 22 entirely disappear, the device 
turns off. 

20 An effective channel width W eff of the IGBT of the 
third embodiment is determined according to the prod- 
uct of the thickness W of the n" drift layer 22 and the 
number of channels and is freely chosen in a depth 
direction even rf a chip area is limited. As a result, on- 

25 resistance per chip area is very small. Electrons travel 
through the bulk of the n* drift layer 22 without the influ- 
ence of surface scattering or surface defects, to improve 
the mobility of electrons, decrease on-resistance, and 
increase a switching speed. 

30 Unlike the conventional vertical IGBTs that pass a 
main current vertical to the main surface (top surface) of 
a substrate and distribute the main current in parallel 
with the main surface with a channel width W being ori- 
ented in parallel with the main surface, the IGBT of the 

35 present invention passes a main current in parallel with 
the main surface of a substrate and distributes the main 
current vertically to the main surface. This characteristic 
of the present invention is apparent in Fig. 31 that 
shows unit cells each made of the device of Fig. 30A. 

40 Many unit cells are arranged side by side to form a mul- 
tichannel structure or series connected structure. In Fig. 
31, the device isolation filler 3 is on the right side of the 
collector 29 of a first unit cell, and the buried gate elec- 
trode 37 of a second unit cell is formed along the filler 3. 

45 A third unit cell (not shown) is arranged adjacent to the 
second unit cell. In this way, many IGBT unit cells are 
arranged in a matrix form on a chip, to provide a large 
current. And it is easy to form a series connection of unit 
cells to provide a very high blocking voltage device. The 

so conventional vertical IGBTs realize this kind of structure 
only with a multilayer structure that requires an 
advanced complicated epitaxial growth technique. 
Since such an epitaxial growth technique involves a 
high temperature process accompanied by thermal dif- 

55 fusion effect, it is difficult to fabricate the multilayer 
structure. On the other hand, the IGBTs of the present 
invention easily realize the multichannel structure or 
multi-series connected structures with an effective 
channel width W eff being optionally set in a direction 
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vertical to the main surface of a substrate. Namely, the 
effective channel width W eff per chip area of the IGBT of 
the present invention is very large. To realize a small- 
power IGBT, the single unit cell of Fig. 30A may be used 
as a discrete device. 

Figures 32A to 32 E explain the processes of manu- 
facturing the IGBT of the third embodiment. 

a) A bottom insulation film 8 is formed on a silicon 
substrate 82, and an rf-type semiconductor layer 
22 is formed on the film 8 according to the SDB 
technique similar to the first embodiment. The sur- 
face of the semiconductor layer 22 is thermally oxi- 
dized to form an oxide film 21 of 350 to 700 nm 
thick. Predetermined positions of the oxide film 21 
are etched off according to the photolithography 
and RIE techniques. 

b) In Fig. 32A, the oxide film 21 is used as an etch- 
ing mask to form first and second trenches 316 and 
317 up to the bottom insulation film 8 according to 
the RIE or ECR ion etching technique. In Fig. 32 B, 
a device isolating insulation film 1 is formed, and 
NDPOS or SIPOS to form an isolation filler 3 is 
deposited. 

c) In Fig. 32C, a third trench 315 is formed up to the 
bottom insulation film 8 according to the photoli- 
thography and RIE techniques. The side-walls of 
the trench 315 are used as diffusion windows to 
horizontally diffuse p-type impurities such as boron 
(B) to form a pMype collector layer 29. 

d) A device isolating insulation film 1 is formed on 
the side-walls of the trench 315. Namely, a borosili- 
cate glass (BSG) film formed on the surface of the 
side-walls during the diffusion process of boron is 
removed to expose the surface of the silicon sub- 
strate, and the film 1 is formed again according to 
the thermal oxidization technique on the surface of 
the trench side-walls. On the film 1, NDPOS is 
deposited to fill the trench 315 according to the 
CVD technique. In Figs. 32D and 32E t a fourth 
trench 314 is formed up to the bottom insulation film 
8. The side-walls of the trench 314 are used as dif- 
fusion windows to horizontally diffuse boron (B), 
and a heat treatment is carried out to form a p-type 
base layer 23. A BSG film formed on the diffusion 
window during the diffusion process of boron is 
removed to open a diffusion window to horizontally 
diffuse n-type impurities such as phosphorus (P), 
arsenic (As), antimony (Sb), etc., to form an n + -type 
emitter layer 24 as shown in Figs. 32D and 32E. 
Boron (B) having a large diffusion coefficient and 
arsenic (As) having a small diffusion coefficient may 
simultaneously be diffused and heat-treated, to 
form the base 23 and emitter 24. In any case, the p 
base 23 and n + emitter 24 are evenly horizontally 
formed up to the bottom insulation film 8 as shown 
in Fig. 32E. At this time, the p+ collector 29 is hori- 
zontally diffused farther from the position of Fig. 
32C. 



e) A comb-like gate trench is formed beyond the 
base 23 into the semiconductor layer 22 as shown 
in Fig. 30A. A gate insulation film 6 is formed on the 
side-walls of the gate trench, and DOPOS is depos- 

5 ited to form a buried gate electrode 7. 

f) A metal emitter electrode 34 is formed to short- 
circuit the n + emitter 24 to the p base 23, and a 
metal collector electrode 39 is formed on the p + col- 
lector 29 as shown in Fig. 30B. This completes the 

10 IGBT of the third embodiment. 

The p + collector 29, p base 23, and n + emitter 24 
may be formed according to an oblique ion implantation 
technique. In this case, the trenches 315 and 314 are 

is simultaneously formed. A photoresist mask is used to 
selectively implant ions 11 B + to the trench 315 and ions 
1 1 B + and 75 As + to the trench 314. The trenches 315 and 
314 are annealed and are simultaneously filled with an 
isolation filler 3. 

20 The third embodiment is not limited to the structure 
of Figs. 30A and 30B. Various modifications are possi- 
ble. 

(Example 3-1) 

25 

Figure 33A is a plan view showing an IGBT accord- 
ing to the first modification of the third embodiment, and 
Fig. 33 B Is a sectional view taken along a line A-A of 
Fig. 33A. This modification employs independent gate 

30 trenches each having a gate insulation film 6 and a bur- 
ied gate electrode 37. The buried gate electrodes 37 are 
connected to each other with surface wiring metal. 
Unlike the structure of Fig. 30A that employs the sepa- 
rate n + -type emitter layers 24, the first modification 

35 employs a common comb-like n + -type emitter layer 24. 
The gate trenches are deep to reach a bottom insulation 
film 8, and a channel width W Gff is vertical to the surface ' 
of a substrate. Accordingly, the effective channel width 
is freely extendible without regard to the surface area of 

40 the substrate, to reduce on-resistance and increase a 
current. 

Figures 34A and 34B explain the processes of 
manufacturing the IGBT of the first modification. 

45 a) A p-type base region 23, an n + -type emitter layer 
24, and a p + -type collector layer 29 are formed in an 
n" semiconductor layer 22 having SOI structure 
according to the processes of Figs. 32A to 32 E of 
the third embodiment. 

so b) The surfaces (side wails) of the trenches 314 and 
315 used as diffusion windows to form the n + emit- 
ter 24, p base 23 and p + collector 29 are thermally 
oxidized to form device isolating oxide films 1. A 
space defined by the film 1 in each of the trenches 

55 is filled with, for example. NDPOS according to the 
CVD technique, to form an isolation filler 3 as 
shown in Figures 34 A and 34 B. 
c) Gate trenches are formed up to the bottom insu- 
lation film 8. The side- walls of each gate trench are 
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covered with a gate insulation film 6, and a space 
defined by the film 6 in each gate trench is filled 
with, for example, DOPOS to form a buried gate 
electrode 37. This completes the structure of Figs. 
33A and 33B. 5 

(Example 3-2) 

Figure 35A is a plan view showing an IGBT accord- 
ing to the second modification of the third embodiment, r 
and Fig. 35B is a sectional view taken along a line A-A 
of Fig. 35A. This modification forms an n + -type buffer 
layer (fifth semiconductor region) 229 in front of a p + - 
type collector layer 29, so that no punch-through occurs 
between the collector 29 and a p-type base layer 23, to 1 
thereby improve a collector breakdown voltage or block- 
ing voltage. Compared with the IGBT of Fig. 33A, an n - - 
type drift layer 22 between the base 23 and the collector 
29 is shorter to improve an operation speed and 
decrease on-resistance. The structure shown by Figs, i 
35A and 35B is a mere example. The IGBT having n + 
buffer layer 229 is also formed by J I structure. The n" 
semiconductor layer (n" drift layer) 22 may be formed on 
p-type semiconductor layer instead of the bottom insula- 
tion film 8 shown in Fig. 35B. 

(Example 3-3) 

Figure 36A is a plan view showing an IGBT accord- 
ing to the third modification of the third embodiment, 
Fig. 36B is a sectional view taken along a line A-A of 
Fig. 36A, and Fig. 36C is a sectional view taken along a 
line B-B of Fig. 36A. This IGBT has "a collector short 
structure" with an n + -type short region (fifth semicon- 
ductor region) 291 being formed adjacent to a p + -type 
collector layer 29 and with a metal collector electrode 39 
short-circuiting the p + collectors 29 to the n + short 
regions 291 . According to a standard IGBT, a gate is put 
in a reverse biased state to eliminate an inversion chan- 
nel in a p base layer 23. At this time, electrons are still 
present in an n' drift layer 22, and therefore, a p + collec- 
tor layer 29 still injects holes into the n drift layer 22, so 
that the IGBT may not be turned off at once. Namely, a 
tail current exists until the electrons and holes recom- 
bine with each other and disappear, to thereby extend a 
turn-off period. According to the third modification, elec- 
trons remaining in the drift layer 22 are drawn through 
the n + short regions 291 , to speedily turn off the device. 
The n + short regions 291 may be formed up to a bottom 
insulation film 8. For easy manufacturing, the n + short 
regions 291 may be formed adjacent to the surface of 
the device as shown in Fig. 36B without deteriorating 
the effect thereof. 

(Example 3-4) 

Figure 37A is a plan view showing an IGBT accord- 
ing to the fourth modification of the third embodiment 
Gate trenches are in contact both with an n + emitter 



layer 24 and a p-type collector layer 29. In each of the 
gate trenches, a buried gate electrode 37 made of 
DOPOS is formed only in the vicinity of a p base layer 
23. The remaining part of each gate trench is filled with 
NDPOS to form an insulation region 377. A cross sec- 
tion (not shown) of this IGBT is the same as that of Fig. 
30B, and a channel width is equal to the thickness W of 
an n" drift layer 22. 

For the entire extension of the n* drift layer 22, a 
o spacing S between the gate insulation films 6 of a pair 
of the gate trenches is narrow compared with the chan- 
nel width W. A spacing between the outer gate insula- 
tion film 6 and a device isolating insulation film 1 is 
equal to the spacing S. This structure decreases the 
5 effective volume of an active region of the IGBT, to elim- 
inate surplus carriers when the IGBT is turned off. This 
reduces reverse recovery charge Q rr , to shorten a turn- 
off time and improves a switching speed. The accuracy 
of the spacing S is determined to allow the use of a 
?o standard photolithography technique. Accordingly, the 
Q rr is reduced without deteriorating mechanical strength 
or without causing crystal defects. For example, the 
channel width W, i.e., the thickness W of the drift layer 
22 is 5 to 20 ji m and S = 1 .5 \i m to 5 n m, to form the 
2s high-speed IGBT without employing a life time control 
technique that involves complicated and low-controlla- 
bility processes such as proton irradiation, electron 
beam irradiation, or diffusion of heavy metal such as Pt 
and Au. 

30 According to the fourth modification, a spacing S E 
between the gate trenches in the vicinity of the n + emit- 
ter 24 may be wider than a spacing S c between the 
same gate trenches in the vicinity of the p + collector 29 
as shown in Fig. 37B, to further reduce surplus carriers 

35 and improve a switching speed. An insulation film 
between the DOPOS 37 and the NDPOS 377 of Fig. 
37A is omitted in Fig. 37B. This omission is also applica- 
ble to Fig. 37A. In this case, each gate trench is first 
filled with the NDPOS 377, and ions such as boron 

40 ( 11 B + ) are selectively implanted in the vicinity of the p 
base 23. 

(Example 3-5) 

45 Figure 38A is a plan view showing an IGBT accord- 
ing to the fifth modification of the third embodiment. This 
device corresponds to an injection enhanced gate tran- 
sistor (JEGT). The area of a p base layer 23 is actively 
reduced. In the IGBT, the p base layer 23 is a path of 
so minority carriers. As the quantity of minority carriers to 
be accumulated per unit area increases, a saturation 
voltage decreases due to a conductivity modulation. A 
zigzag winding gate trench of Fig. 38A partly makes the 
p base 23 inactive, to thereby reduce the width S of the 
55 p base 23. A structure of Fig. 38B is effective to reduce 
the width of the p base 23. It is difficult, however, to fill a 
wide deep trench with DOPOS. Accordingly, the regu- 
larly winding narrow trench of Fig. 38A is easier to man- 
ufacture. The structures of Figs. 38A and 38B are both 
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effective to decrease a saturation voltage and on-resist- 
ance. 

(Example 3-6) 

5 

Figure 39 A is a plan view showing a double gate 
IGBT according to the sixth modification of the third 
embodiment, and Fig. 39B is a sectional view taken 
along a line A- A of Fig. 39A. An n + collector region (a 
fifth semiconductor region) 292 is adjacent to a p* col- to 
lector layer (a third semiconductor region) 29. Second 
gate trenches are formed in the p + collector 29 and n + 
collector 292. The side-walls of each of the second gate 
trenches are covered with a gate insulation film 6. A 
space defined by the film 6 in each second gate trench 15 
is filled with DOPOS to form a second buried gate elec- 
trode 376. The n + collector 292, an n" drift layer 22, and 
the second buried gate electrodes 376 form an n-chan- 
nel MOSFET on the collector side. When the IGBT is 
turned off, surplus electrons in the n" drift layer 22 are 20 
forcibly drawn by the n + collector 292, to speed up the 
turn-off operation. 

(Fourth embodiment) 

25 

Figure 40 A is a plan view showing a MOS-control- 
led SITH (MCSITH) according to the fourth embodiment 
of the present invention, Fig. 40 B is a sectional view 
taken along a line A-A of Fig. 40 A, and Fig. 41 A is an 
equivalent circuit of the MCSITH. An n*-type semicon- 30 
ductor layer (a first semiconductor region) 22 is formed 
on a bottom insulation film 8 to form an SOI structure. 
An n + -type cathode layer (a second semiconductor 
region) 241 , p + -type gate region (a fourth semiconduc- 
tor region) 281, and p + -type anode layer (a third semi- 35 
conductor region) 293 are formed up to the bottom 
insulation film 8. The n + cathode 241 and p + anode 293 
are made by horizontally diffusing impurities from diffu- 
sion windows, i.e., the side-walls of each device isolat- 
ing trench, similar to the third embodiment. The p + gate 40 
region 281 is formed by making a diffusion trench at a 
required position up to the bottom insulation film 8 and 
by horizontally diffusing impurities from the side-walls of 
the diffusion trench. A p + -type auxiliary cathode region 
(a fifth semiconductor region) 282 is formed by diffusing 45 
impurities from the top surface of the substrate adjacent 
to the n + cathode 241 . Between the p + auxiliary cathode 
282 and the p + gate region 281 , an n-type well (a sixth 
semiconductor region) 283 is formed. After forming the 
p + gate regions, gate trenches fully containing the diffu- so 
sion trenches are formed up to the bottom insulation film 
8. Due to the gate trenches, the diffusion trenches dis- 
appear. The side-walls of each gate trench are covered 
with a gate insulation film 6, and a space defined by the 
film 6 in each gate trench is filled with a buried gate 55 
electrode 37. The p + auxiliary cathode 282 serves as a 
drain, and the p + gate region 281 serves as a source, to 
form a pMOS transistor 531 of Fig. 41 A. In Fig. 41 A, the 
MCSITH has a turn-on capacitor (Cg) 522 directly con- 
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nected to the p + gate region 281 of the SITH. The 
pMOS transistor 531 is connected between the p + gate 
region 281 and the n + cathode 241. The buried gate 
electrode 37 is made of DOPOS, or silicide of refractory 
metal such as WSi 2 and TiSi 2 . or refractory metal such 
as W and Mo. The buried gate electrode 37 serves as a 
gate electrode of the pMOS transistor 531 and an elec- 
trode of the capacitor (Cg) 522 of the SITH. Namely, the 
buried gate electrode 37, gate insulation film 6 such as 
an oxide film, and p + gate region 281 form the slab (par- 
allel plate) capacitor (Cg) 522 on the side wall of the 
gate trench. The larger the capacitance of the capacitor 
(Cg) 522, the shorter the turn-on time of the SITH. If the 
capacitance of the capacitor (Cg) 522 is too large, carri- 
ers accumulated at around the p + gate regions 281 of 
the SITH are excessive to extend a turn-off time. 
Accordingly, there is an optimum capacitance of the 
capacitor (Cg) 522, to shorten both the turn-on and 
turn-off times. The optimum capacitance is about 10 to 
80 times as large as the gate-cathode capacitance C G k 
of the gate region of the SITH. Accordingly, the insula- 
tion film 6 along the side wall of the gate region 281 
must be thinner than 100 nm, preferably 7 to 20 nm. 

A cathode electrode 341 made of metal such as At 
connects the n + cathode 241 to the p + auxiliary cathode 
282. An anode electrode 342 made of metal such as Al 
is formed on the p + anode 293. The main thyristor 521 
of the MCSITH must be a normally-off SITH. Accord- 
ingly, a spacing S G between the adjacent p + gate 
regions 281 and the impurity concentration of the n" 
semiconductor layer 22 are selected so that the n" sem- 
iconductor layer 22 is pinched off by depletion layers 
extended from the p + gate regions 281 with a gate bias 
voltage of zero. The impurity concentration of the semi- 
conductor layer 22 is low, for example, about 10 11 to 
10 13 cm* 3 , and that of the n-well region 283 is about 
10 16 cm 3 . Consequently, no punch-through current 
flows between the source and drain of the pMOS tran- 
sistor 531 even if the SI thyristor is of the normally-off 
type and the gate length L of the pMOS transistor 531 is 
shorter than 2 m. When the impurity concentration of 
the n-well region 283 is about 10 18 cm' 3 , the pMOS 
transistor 531 may have a gate of submicron order, to 
greatly reduce on- resistance as well as a leakage cur- 
rent due to a punch-through current of the pMOS tran- 
sistor 531. The impurity concentration of the p + -type 
regions 282, 281, and 293 is about 10 18 to 10 20 cm -3 , 

and that of the n + cathode 241 is about 10 18 to 10 21 cm" 

3 

To turn off the MCSITH of the fourth embodiment, a 
positive voltage is applied to the buried gate electrode 
37, to decrease a potential barrier height formed in a 
channel in the n semiconductor layer 22 through the 
capacitor (Cg) 522 connected to the gate region 281 
with the use of capacrtive coupling (static induction 
effect). As a result, electrons are injected from the n + 
cathode 241. The channel of the MCSITH is formed in 
the n" semiconductor layer 22 between the adjacent p + 
gate regions 281 . 
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The injected electrons are accumulated around an 
interface between the n" semiconductor layer 22 and the 
p + anode 293. As a result a potential barrier against 
holes of the p + anode 293 disappears, and the holes are 
injected from the p + anode 293. These holes promote 
an injection of electrons from the n + cathode 241, to 
thereby turn on the SI thyristor. The pMOS transistor 
531 formed between the p + auxiliary cathode 282 and 
the p + gate region 281 may be of a depletion type. In 
this case, the pMOS transistor 531 is in a blocking state 
when a positive voltage is applied to the buried gate 
electrode 37. 

When a voltage of zero is applied to the buried gate 
electrode 37, the pMOS transistor 531 becomes con- 
ductive, so that holes are drawn by the. cathode elec- 
trode 341 through the p + gate region 281, and a 
potential barrier against electrons in front of the n + cath- 
ode 241 rises to turn off the SI thyristor. 

Figure 41 B shows a waveform of a gate drive pulse 
<j> q of the MCSITH. As shown in Fig. 41 A, the gate of 
the normally-off SITH 521 is connected to the gate 
capacitor 522, and the pMOS transistor 531 is con- 
nected between the gate and the cathode The gate of 
the pMOS transistor 531 is controlled by the pulse 4> Q , 
which is an input pulse to the gate capacitor 522. In 
period T1 of Fig. 41 B, the pulse <J> G is at a potential of 
V off that makes the pMOS transistor 531 conductive. At 
this time, the gate and cathode of the SITH 521 are at 
the same potential to establish a blocking state. At time 
tl, the pulse <|> G changes from V off to V on , and the 
potential of the gate of the SITH 521 increases due to 
capacitive coupling. When the pulse $ G is at V^, the 
pMOS transistor 531 is in a blocking state. The nor- 
mally-off SITH 521 changes from the blocking state to a 
conducting state in response to a small voltage corre- 
sponding to a diffusion potential between the gate and 
cathode of the SITH 521 . At this time, a gate current is 
required only to charge an input capacitance of the 
gate, so that there is no need to provide a direct current. 
In a period T2, the SITH 521 is in a conducting state. At 
time t2, the pulse $ G changes from V on to V off , and the 
pMOS transistor 531 again in a conducting state to put 
the SITH 521 in a blocking state. 

The effective channel width W eff of the MCSITH of 
the fourth embodiment is determined by the product of 
the thickness W (Fig. 40B) of the semiconductor layer 
22 and the number of channels. Accordingly, the effec- 
tive channel width W eH is freely selected in a depth 
direction vertical to the surface of the substrate even if a 
chip area is limited. The fourth embodiment, therefore, 
is capable of reducing on -resistance per chip area. 
Electrons effectively travel through the bulk of the semi- 
conductor layer 22 without the influence of surface scat- 
tering or surface defects. Consequently, the mobility of 
electrons improves, on-resistance decreases, and a 
switching speed increases. An on-voltage of a MOS 
composite device such as the MCSITH is determined by 
the on-voltage of a main device. Namely, a main device 
of the MCSITH is the SITH, which is basically an nip 



diode. Unlike another switching device such as an IQBT 
having an npnp four-layer structure, the SITH has a 
smaller number of pn junctions to involve a low on-volt- 
age theoretically. The channel width that is vertical to 
5 the top surface of the substrate of the fourth embodi- 
ment is effective to greatly decrease the on-voltage. 

(Example 4-1) 

10 Figure 42A is a plan view showing an MCSITH 
according to the first modification of the fourth embodi- 
ment, and Fig. 42B is a sectional view taken along a line 
A-A of Fig. 42A. This MCSITH is easy to manufacture. A 
pMOS transistor is formed on the top surface of a sub- 
15 strate between an n + -type cathode layer 241 and a p + - 
type gate region 281 . The distribution of a channel of an 
SITH serving as a main device is vertical to the top sur- 
face of the substrate, to decrease on-resistance. 
Accordingly, there is no problem even if the resistance 
20 of the pMOS transistor through which a current passes 
during a turn-off operation is high. A p + -type auxiliary 
cathode region 282 is formed adjacent to the n + cath- 
ode 241 , and an n-type well 283 is formed between the 
p + auxiliary cathode 282 and the gate region 281 similar 
25 to Figs. 40A and 40B. As is apparent from the compari- 
son of Fig. 42A with Fig. 40A, the p + auxiliary cathode 
282 and n-well 283 of Fig. 42A are wider than those of 
Fig. 40A. A gate oxide film 284 of the pMOS transistor is 
formed on the top surface of the substrate and on which 
30 a surface gate electrode 237 is formed. The surface 
gate electrode 237 is connected to a buried gate elec- 
trode 37. This structure has a pattern margin for a pho- 
tolithography process, and a channel doping ion 
implantation process is easily made to the top surface of 
35 the n-well 283. Accordingly, the threshold of the pMOS 
transistor is easy to control. As a result, the MCSITH is 
driven with a small gate voltage. 



(Fifth embodiment) 



40 



The third and fourth embodiments relate to IGBTs 
and MCSITHs. The present invention is applicable to 
MOS-controlled thyristors (MCTs) that are MOS com- 
posite semiconductor devices similar to the IGBTs. Fig- 

45 ure 43A is a plan view showing an MCT according to the 
fifth embodiment of the present invention, and Fig. 43B 
is a sectional view taken along a line A-A of Fig. 43A. An 
n-type semiconductor layer (a first semiconductor 
region) 22 is formed on a bottom insulation film 8. Impu- 

so rities are horizontally diffused from the right side of the 
n" semiconductor layer 22, to form a p + -type anode layer 
(a third semiconductor region) 293. p-type impurities, n- 
type impurities, and high-concentration n-type impuri- 
ties are successively diffused horizontally from the left 

55 side of the n semiconductor layer 22, to form a p-type 
base layer (a fourth semiconductor region) 23. an n- 
type base layer (a sixth semiconductor region) 285, and 
an n + -type cathode layer (a second semiconductor 
region) 241 . 
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Impurities are diffused from the top surface of the 
substrate around an interface between the n-type base 
285 and the cathode 241 , to form a p + -type short region 
(a fifth semiconductor region) 286. Gate trenches are 
formed in contact with the p-type base 23 and n-type 
base 285. The side-walls of each gate trench are cov- 
ered with a gate oxide film 6, and a space defined by the 
film 6 in each gate trench is filled with, for example, 
DOPOS to form a buried gate electrode 37. The gate 
trenches are formed up to the bottom insulation film 8. A 
gate oxide film 284 is formed on top of the p-type base 
23 and n-type base 285. On the gate oxide film 284, a 
surface gate electrode 237 is formed from, for example, 
DOPOS. The surface gate electrode 247 and buried 
gate electrodes 37 are electrically connected to each 
other. The surface gate electrode 237 is covered with an 
interlayer insulation film (not shown). A contact hole (or 
contact window) is opened through the interlayer insula- 
tion film and oxide film 21, and a metal cathode elec- 
trode 341 is formed in the contact hole, to electrically 
connect the p + short region 286 to the n + cathode 241. 
A metal anode electrode 342 is formed on the p + anode 
293. Figure 44 shows an equivalent circuit of the MCT 
of Figs. 43A and 43B. 

According to the MCT of the fifth embodiment, an 
nMOSFET is formed between the n-type base 285 and 
the n -type semiconductor layer 22. A channel of the 
nMOSFET is provided by the side-walls of the gate 
trenches formed in the p-type base 23. When a positive 
gate potential is applied, the nMOSFET is put in a con- 
ducting state, and electrons are injected into the semi- 
conductor layer 22, to turn on the MCT. At the same 
time, holes are injected from the anode 293, to pass a 
large current. To turn off the MCT, a negative voltage is 
applied to a pMOSFET whose channel is at the surface 
of the n-type base 285 between the p + short region 286 
and the p-type base 23, to draw holes from the semi- 
conductor layer 22. 

An effective channel width W Qft of the MCT of the 
fifth embodiment is determined by the product of the 
thickness W of the drift layer 22 (Fig. 43B) and the 
number of channels. Accordingly, the channel width 
W Qff is freely set in a depth direction vertical to the top 
surface of the substrate even if a chip area is limited. As 
a result, on-resistance per chip area is very small. Elec- 
trons effectively travel through the bulk of the drift layer 
22 without the influence of surface scattering or surface 
defects. This results in increasing the mobility of elec- 
trons, decreasing on-resistance, and improving a 
switching speed. 

(Sixth embodiment) 

Figure 45A is a plan view showing an emitter 
switched thyristor (EST) according to the sixth embodi- 
ment of the present invention, and Fig. 45B is a sec- 
tional view taken along a line A- A of Fig. 45A. An n -type 
semiconductor layer (a first semiconductor region) 22 is 
formed on a bottom insulation film 8. At opposite ends of 



the semiconductor layer 22, a floating n + -type cathode 
region (a second semiconductor region) 287 and a p + - 
type anode layer (a third semiconductor region) 293 are 
formed. A p-type base layer (a fourth semiconductor 

5 region) 23 is formed adjacent to the n + floating cathode 
region 287. A p + -type base layer (a sixth semiconductor 
region) 289 is formed at an interface between the p 
base 23 and the n" semiconductor layer 22. An n + -type 
cathode region (a fifth semiconductor region) 288 is 

10 formed in the p + base 289 adjacent to the floating cath- 
ode 287. The n* cathode 288, p + base 289, n" semicon- 
ductor layer 22, and p + anode 293 form a parasitic 
thyristor. The n + floating cathode region 287, p base 23, 
n' semiconductor layer 22, and p + anode 293 form a 

75 main thyristor. The n" semiconductor layer 22 between 
the p base 23 and p + anode 293 serves as an n -type 
drift layer of the main thyristor. Gate trenches are 
formed through the n + cathode 288 and p + base 289. 
The inner walls of each gate trench is covered with a 

20 gate insulation film 6, and a space defined by the film 6 
in each gate trench is filled with a buried gate electrode 
37. The n + floating cathode 287. buried gate electrodes 
37, and n + cathode 288 form an nMOSFET. Figure 46 
shows an equivalent circuit of the EST. The n + cathode 

25 288 is short-circuited to the p + base 289 through a metal 
cathode electrode 341. A metal anode electrode 342 is 
formed on top of the p + anode 293. 

When a gate voltage applied to the buried gate 
electrodes 37 is below a predetermined threshold, each 

30 of the parasitic and main thyristors has high resistance 
between the cathode and the anode, so that the thyris- 
tors are in a blocking state. When the gate voftage is 
above the threshold, the nMOSFET is turned on to 
short-circuit the n + floating cathode 287 and p base 23 

35 to each other, to thereby turn on the main thyristor. 
When the nMOSFET is turned off, a potential barrier 
height between the n + floating cathode 287 and the p 
base 23 rises to turn off the main thyristor. 

As is apparent in Fig. 45B, the effective channel 

40 width W Qff of the EST of the sixth embodiment is deter- 
mined by the product of the thickness W of the semicon- 
ductor layer 22 and the number of channels, so that the 
channel width W eff is freely set in a depth direction ver- 
tical to the top surface of the substrate even if a chip 

45 area is limited. Accordingly, on-resistance per chip area 
is very small. Since electrons effectively travel through 
the bulk of the semiconductor layer 22 without the influ- 
ence of surface scattering or surface defects, the mobil- 
ity of electrons is high, on-resistance is low, and a 

so switching speed is high. 

(Seventh embodiment) 

The present invention is not limited to a silicon sem- 
55 iconductor device. A heterojunction of two compound 
semiconductor materials having different forbidden 
band gaps (Eg) provides the same operation as that of 
an insulated-gate structure. An example of this. Figs. 
47A, 47B, and 47C show an AIGaAs/lnGaAs high-elec- 
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tron-mobility transistor (HEMT) using an n-type AIGaAs 
electron supply layer according to the seventh embodi- 
ment of the present invention. Figure 47A is a plan view, 
Fig. 47B is a sectional view taken along a line A-A of 
Fig. 47 A, and Fig. 47C is a sectional view taken along a 5 
line B-B of Fig. 47 A. 

On a semi-insulating GaAs substrate 85, an n -type 
GaAs epitaxial growth layer (a first semiconductor 
region) 222 is formed. Gate trenches are formed in the 
n semiconductor layer 222. The side-walls of each gate 10 
trench is covered with a buffer layer 422 of GaAs or 
AIGaAs. On the buffer layer 422, a channel layer (a f ifth 
semiconductor region) 444 is formed from InGaAs. On 
the channel layer 444, an AIGaAs spacer layer 445 and 
an n-type AIGaAs electron supply layer 446 are formed 15 
(The AIGaAs spacer and electron supply layers 445, 
446 serve as a fourth semiconductor region). On top of 
the fourth semiconductor region, a buried gate elec- 
trode 7 is formed. On an n + -type source layer (a second 
semiconductor region) 4. a metal source electrode 10 is 20 
formed. On an n + -type drain layer (a third semiconduc- 
tor region) 5, a metal drain electrode 1 1 is formed. 

The effective channel width W eff of the HEMT of the 
seventh embodiment is determined by the product of 
the thickness W (Fig. 47C) of the semiconductor layer 25 
222 and the number of channels, so that the channel 
width W off is freely set in a depth direction vertical to the 
top surface of the substrate even if a chip area is limited. 
As a result, on-resistance per chip area is very small. 
The electron supply layer 446 may be made of n-type 30 
InGaP. 

Figures 48A to 48D explain the processes of manu- 
facturing the HEMT of the seventh embodiment. 

a) An n'-type GaAs layer 222 is epitaxially grown on 35 
a semi-insulating GaAs substrate 85, and trenches 
314 and 315 are formed according to the photoli- 
thography and RIE techniques. The trenches 314 
and 315 are used as diffusion windows to horizon- 
tally diffuse n-type impurities such as Si and Se as 40 
shown in Figs. 48A and 48B. At this time, the n-type 
impurities diffuse also to the semi-insulating GaAs 
substrate 85. 

b) The trenches 314 and 315 are each filled with a 
device isolating insulation film 1 and an isolation 45 
filler 3. The semiconductor layer 222 is etched 
beyond an interface between the layer 222 and the 
semi-insulating GaAs substrate 85 according to, for 
example, the RIE technique as shown in Figs. 48C 

and 48D. 50 

c) A reduced-pressure MOCVD technique is used 
to epitaxially grow a non-dope GaAs buffer layer 
442, non-dope ln z Ga-|. z As channel layer 444, non- 
dope Al 0 15 Gao 85AS spacer layer 445, and silicon- 
doped n-type Alo.15Gao.s5As electron supply layer 55 
446 one after another. The epitaxial growth is car- 
ried out, for example, at 650 degrees centigrade 
and a pressure of 1 x 10 4 Pa. GaAs may be grown 
with a source gas of TEG (triethylgallium) and AsH 3 



(arsine), and AIGaAs may be grown with a source 
gas of TMA (trimethylaluminum), TMG (trimethyi- 
gallium), and AsH 3 . Instead of the MOCVD tech- 
nique, the CBE, MBE, or MLE technique is 
employable. 

d) On the electron supply layer 446, a buried gate 
electrode 7 is formed from, for example, Ti/Pt/Au or 
TiW/Au. A metal source electrode 10 on a source 
layer 4 and a metal drain electrode 1 1 on a drain 
layer 5 are formed from AnGe/Ni/Au, to complete 
the HEMT of the seventh embodiment of Figs. 47A 
to 47C. 

The HEMT is not limited to that having the 
InGaAs/AIGaAs heterojunction mentioned above. For 
example, ' it may "have a GaAs/AIGaAs structure, 
InGaAs/lnAIAs structure, etc. 

The first semiconductor region 222 may be made of 
InP, or InP epitaxially grown on a GaAs substrate. 

And a part of the device isolation insulation film 1 
and the isolation filler 3 may be replaced by a high-resis- 
tivity semiconductor region formed by proton (H + ) irradi- 
ation. 



(Eighth embodiment) 

Figure 49 is a plan view showing a divided-gate IGT 
according to the eighth embodiment of the present 
invention. A p-type semiconductor layer (a first semi- 
conductor region) 23 is formed on a bottom insulation 
film. At opposite ends of the semiconductor layer 23, an 
n + -type source layer (a second semiconductor region) 4 
and a drain layer (a third semiconductor region) 5 are 
formed. Relatively long six gate trenches are formed 
between the source 4 and the drain 5. A gate insulation 
film 6 is formed on the side-walls of each gate trench. In 
each of the gate trenches, a buried gate electrode is 
divided into eight sections. Namely, the first gate trench 
has buried gate electrodes 71a to 78a, the second gate 
trench has buried gate electrodes 71b to 78b, and the 
sixth gate trench has buried gate electrodes 71f to 78f. 
The buried gate electrodes 71a, 71b 71f are con- 
nected to one another. The buried gate electrodes 72a, 

72b 72f are connected to one another and to the 

buried gate electrodes 71a to 71 f through a resistor r. 

The buried gate electrodes 73a, 73b 73f are 

connected to one another and to the buried gate elec- 
trodes 72a to 72f through a resistor r. The buried gate 
electrodes 78a to 78f are connected to the buried gate 
electrodes 77a to 77f through a resistor r. In each gate 
trench, intervals between the buried gate electrodes are 
filled with insulators such as NDPOS or oxide films, or 
hollows. 

With the above structure, a voltage applied to the 
buried gate electrodes is divided to equalize the gradi- 
ent of potential in each channel formed in the semicon- 
ductor layer 23. In the case of the uniform buried gate 
electrode of Fig. 18, a high electric field is generated 
between proximal ends of the buried gate electrodes 
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and the drain layer 5 to break insulation. The divided 
buried gate electrodes of Fig. 49 equalize the strength 
of an electric field, to suppress a high electric field at the 
ends. This results in providing a high breakdown voltage 
and low on-resistance. Namely, an accumulation layer is 5 
produced around each buried gate electrode, to 
decrease resistance and provide a high gate-drain 
breakdown voltage. The trade-offs of a drain breakdown 
voltage and on-resistance are canceled to increase the 
breakdown voltage and decrease on-resistance. w 

Figures 50A to 50C show modifications of the 
eighth embodiment. In Fig. 50A, 66 gate trenches are 
regularly arranged in an X-Y matrix. In Fig. 50 B, 66 gate 
trenches are zigzagged. The regular arrangement of 
Fig. 50A provides straight channels whose effective 15 
channel lengths are shorter than those of zigzagged 
arrangement of Fig. 50 B to realize low on-resistance. 

In Fig. 50C, hexagonal gate trenches are zigza- 
gged. The number of the gate trenches is 72 that is 6 
pieces larger than that of quadrangle gate trenches to 20 
be arranged on the same surface area. The number of 
accumulation layers formed around the gate trenches is 
1595 units in Fig. 50 B and 1672 units in Fig. 50C. 
Accordingly, the total area of the accumulation layers of 
Fig. 50C is larger than that of Fig. 50B, to realize lower 25 
on-resistance. 

(Ninth embodiment) 

The present invention is applicable not only to 30 
active devices such as IGTs and IGBTs but also to pas- 
sive devices such as load resistors. Figure 51 is a plan 
view showing a nonlinear load resistor according to the 
ninth embodiment of the present invention. This struc- 
ture is basically the same as that of Fig. 8A of the first 35 
embodiment except that spacings between gate 
trenches are irregular. Namely, the gate spacings of Fig. 
51 are S1 > S2 > S5 ... S6 > Ss. As a gate voltage Vg is 
increased, channels are sequentially pinched off from 
those having nanower gate spacings. Figure 52 shows 40 
the Id-Vg characteristics of the device of Fig. 51. The 
device of Fig 51 is advantageous when nonlinear load 
resistance is required. 

(Example 9-1) as 

Figure 53A is a plan view showing a passive device 
according to the first modification of the ninth embodi- 
ment. A gate trench is eccentric in an n"-type semicon- 
ductor layer 2. The asymmetrical position of the gate so 
trench provides nonlinear load characteristics. Figure 
53B employs a metal source electrode 10 and metal 
drain electrode 11 to connect many unit cells each 
being the one shown in Fig. 53A together, to handle a 
large current. ss 

Various modifications will become possible for 
those skilled in the art after receiving the teachings of 
the present disclosure without departing from the scope 
thereof. For example. Fig. 54 arranges a gate trench at 
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the center of each IQT Namely, the gate trench is 
arranged in each n"-type semiconductor layer 2, to pre- 
vent a current concentration and achieve a stable oper- 
ation without regard to a temperature distribution or 
potential distribution. 

Figure 55 shows a 4- to 6-inch semiconductor pellet 
having unit cells 666 each being the one shown in Fig. 
30A, to realize a large current operation. 

According to the present invention, the metal elec- 
trodes of first and second main electrodes of a device 
are on the same plane, and therefore, the present inven- 
tion is advantageous in realizing an integrated structure 
or a monolithic IC. For example, the present invention 
fabricates a circuit of Fig. 56A on a single semiconduc- 
tor chip as shown in Fig. 56B, to provide an inverter 
employing the IGBTs of Figs. 33A and 33B. The metal 
emitter electrode 34 and metal collector electrode 39 
are on the same plane as shown in Fig. 33B, so that sur- 
face wiring and device isolation among the integrated 
devices of Fig. 56B are easy. In this way, the present 
invention easily integrates various devices into a chip to 
form, for example, a smart power IC. 

A device according to the present invention 
employs a planar arrangement of electrodes while it 
passes carriers mainly through the bulk of a substrate 
away from the surface thereof, to increase a transcon- 
ductance (g m ) and realize a high-speed high-frequency 
operation. The mobility and carrier velocities are 
dependent on the anisotropy of the effective mass of 
carriers. Namely, the mobility and carrier velocities are 
determined by crystal orientation in the device. Accord- 
ing to the present invention, carriers travel in parallel 
with the main surface of a substrate, so that, compared 
with the conventional vertical devices, it is easy for the 
present invention to choose a crystal orientation to real- 
ize a direction for a high-speed operation. As shown in 
Fig. 57, the mobility of electrons is maximum in the 
direction of a (811) plane. It is easy for the present 
invention to select such a direction. On the other hand, 
it is impossible for the conventional vertical devices to 
select a crystal orientation because, once the plane ori- 
entation of a main surface is determined, a plane 
orthogonal to the main surface is automatically deter- 
mined according to the symmetry of crystals. 

As explained above in detail, the present invention 
greatly increases an effective channel width W eff com- 
pared with conventional semiconductor devices, to real- 
ize very low on-resistance per chip area. The present 
invention is applicable not only to silicon devices but 
also to SiC, GaAs, and InP devices and other devices. 
In the case of the GaAs devices, a gate insulation film 
may be made of AIGaAs or ZnSe. In the case of the SiC 
or InP devices, a gate insulation film may be made of 
Si0 2 - 

The present invention is applicable not only to the 
insulated-gate structure but also to any other structure 
that controls a main current by capacitive coupling. The 
gate insulation films 6 of Figs. 8 A to 20 C may be omitted 
to form a Schottky gate structure or pn junction struc- 
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ture. The channel can be pinched off by depletion layers 
extended from the reverse-biased pn junctions or the 
reverse-biased Schottky junctions. 

In the above embodiments, we have mainly 
explained the semiconductor device having Dl struc- 
ture. However, the choice of Dl or Jl structure depends 
on the desired characteristics or the application fields of 
the semiconductor device, and we can freely choose Dl 
or SI structure. For example, the n" semiconductor layer 
2 may be surrounded by p + isolation region 84 as shown 
in Fig. 58. Fig. 58 shows IGT according to a modification 
of the first embodiment. In Fig. 58, the n" semiconductor 
layer 2 is formed on the bottom insulation film (SOI 
oxide) 8 to constitute a SOI substrate. And we can freely 
choose-the SOI structure.or.the epitaxial layer structure, 
in which the first semiconductor region of the first con- 
ductivity type is formed on the substrate of the second 

conductivity type. 

As a device isolation region, we can employ the 
device isolation region having a U shape as shown in 
Fig. 59. Fig. 59 still another modification of IGT of the 
first embodiment. In Fig. 59, there is no isolation filler on 
the device isolating insulation film 1 , and the device iso- 
lation trench forms a kind of hollow or air gap. As a final 
structure, the hollow in the device isolation trench may 
be filled with a final passivation material such as a poly- 
imide film. 

As still another modification of the second embodi- 
ment, the structure shown in Fig. 26B may be changed 
to the structure shown in Fig. 60, in which n* semicon- 
ductor layer 22 is formed on the bottom insulation film 
(SOI oxide) 8. Fig. 61 shows still another modification of 
the second embodiment. In Fig. 61 , the n semiconduc- 
tor layer 22 is formed on p-type semiconductor sub- 
strate 83. The p base region (the fourth semiconductor 
region) is formed from top to bottom surface of the n" 
semiconductor layer 22. As mentioned above, the Dl 
structure comprising the device isolating insulation film 
1 and the isolation filler 3 in Fig. 61 may be changed to 

a Jl structure. 

Fig. 62 shows still another modification of the third 
embodiment. On a bottom insulation film (SOI oxide) 8, 
an n - semiconductor layer 22 is formed, and the n" sem- 
iconductor layer is surrounded by a p + isolation region 
84 to form a Jl structure. An n + emitter layer and p + col- 
lector layer are formed at the top surface of and in the n" 
semiconductor layer 22. Although the p + collector layer 
does not reach the bottom insulation film 8 in Fig. 62, 
the p+ collector layer can reach the bottom insulation 
film 8 if required. And a p base region (a fourth semicon- 
ductor region) is formed in the n semiconductor region 
22 to enclose the n + emitter layer 24. The gate trench is 
formed deep to penetrate the bottom insulation film 8. In 
the gate trench, the buried gate electrode 7 of an IGBT 
is formed, whereby the channel width W is measured 
vertical to the top surface of the n' semiconductor layer 
22. Fig. 63 shows still another modification of the third 
embodiment (IGBT), in which n semiconductor layer 22 
is surrounded by a V-grooved device isolation region to 



form a Dl structure. The n + emitter layer 24 is enclosed 
by p base region (a fourth semiconductor region) 23. 
The p + collector layer 29 may reach the bottom insula- 
tion film 8. Fig. 64 shows still another modification of the 
5 third embodiment (IGBT), in which the n semiconductor 
layer 22 is formed on p-type semiconductor substrate 
83 and surrounded by p + isolation region 84 to form a Jl 
structure. The p base region 23 enclosing the n + emitter 
layer 24 is deep to reach the p-type semiconductor sub- 
to strate 83, and the gate trench is formed to penetrate into 
p-type semiconductor substrate, thereby forming a wide 
channel width W. As shown above, we can freely 
choose Dl or Jl structure. And we can choose SOI struc- 
ture or epitaxial structure depending on the desired 
15 device characteristics. 

Anyhow, the effective channel width W eff of the 
present invention is determined by the product of the 
thickness W (or channel width W) of the first semicon- 
ductor region and the depth and the number of channels 
20 and are freely chosen in a depth direction vertical to the 
top surface of the first semiconductor region even if a 
chip area is limited. Hence, the on-resistance of the 
semiconductor device per unit chip area by the present 
invention is very small. Electrons effectively travel in the 
25 bulk of the first semiconductor region without the influ- 
ence of surface scattering or surface defects. In this 
way. the present invention improves the mobility of elec- 
trons, decreases on-resistance, and hastens a switch- 
ing speed. 

30 

Claims 
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A semiconductor device comprising: 

a) a substrate having at least one main surface; 

b) a first semiconductor region formed on or in 
at least a part of the main surface of the sub- 
strate and having a main surface that is sub- 
stantially in parallel with the main surface of the 
substrate; 

c) a second semiconductor region serving as a 
first main electrode region formed in a part of 
the first semiconductor region; 

d) a third semiconductor region serving as a 
second main electrode region formed apart 
from the second semiconductor region in a part 
of the first semiconductor region; 

e) at least one gate trench formed in a part of 
the first semiconductor region between the 
second and third semiconductor regions from 
the surface of the first semiconductor region 
toward the inside thereof, the side-walls of the 
gate trench being substantially vertical to the 
main surface of the first semiconductor region; 

f) a gate insulation film formed on the side- 
walls of the gate trench; and 

g) a buried gate electrode burying at least a 
part of a space defined by the gate insulation 
film in the gate trench, 
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wherein the first and second main electrode 
regions passing a main current between them, the 
direction of the main current directly controlled by a 
gate potential applied on the buried gate electrode 
being substantially in parallel with the main surface 5 
of the first semiconductor region, the main current 
being distributed vertically to the main surface of 
the first semiconductor region. 

2. A device of claim 1, further comprising a bottom 10 
insulation film formed between the bottom of the 
first semiconductor region and the main surface of 
the substrate. 

3. A device of claim 1 , wherein the substrate is an SOI is 
substrate having an SOI insulation film and a semi- 
conductor layer formed on the SOI insulation film, 
and the first semiconductor region is formed so that 
the bottom thereof is in contact with the SOI insula- 
tion film. 20 

4. A device of claim 3, further comprising a device iso- 
lation region formed around the first semiconductor 
region up to the SOI Insulation film. 

25 

5. A device of claim 1 , wherein the first semiconductor 
region is of a first conductivity type, and the sub- 
strate is of a second conductivity type. 

6. A device of claim 5, further comprising a device iso- 30 
lation region formed around the first semiconductor 
region up to the bottom thereof. 

7. A device of claim 4 or 6, wherein the device isola- 
tion region is a dielectric isolation region. 35 

8. A device of claim 4 or 6, wherein the device isola- 
tion region is a pn junction isolation region. 

9. A device of claim 4 or 5, wehrein the device isola- 40 
tion region has a U shape having substantially ver- 
tical side-walls. 

10. A device of claim 3, wherein the gate trench is in 
contact with the SOI insulation film. 45 

1 1 . A device of claim 5, wherein the gate trench passes 
through the first semiconductor region and reaches 
the substrate. 

50 

12. A device of claim 10, wherein the first semiconduc- 
tor region is of a first conductivity type, and the sec- 
ond and third semiconductor regions are of the first 
conductivity type with a higher impurity concentra- 
tion than that of the first semiconductor region. 55 

1 3. A device of claim 1 0, wherein the first semiconduc- 
tor region is of a first conductivity type, and the sec- 



ond and third semiconductor regions are of a 
second conductivity type. 

14. A device of claim 10, wherein the first semiconduc- 
tor region is of a first conductivity type, the second 
semiconductor region is of the first conductivity type 
with a higher impurity concentration than that of the 
first semiconductor region, and the third semicon- 
ductor region is of a second conductivity type. 

15. A device of claim 12. further comprising a fourth 
semiconductor region of a second conductivity type 
formed between the second and third semiconduc- 
tor regions up to the SOI insulation film. 

16. A device of claim 12, further comprising a fourth 
semiconductor region of a second conductivity type 
at the top surface of and in said first semiconductor 
region, formed to contain the second semiconduc- 
tor region. 

17. A device of claim 14, further comprising a fourth 
semiconductor region of the second conductivity 
type formed between the second and third semi- 
conductor regions up to the SOI insulation film. 

18. A device of claim 14. further comprising a fourth 
semiconductor region of the second conductivity 
type at the top surface of and in said first semicon- 
ductor region, formed to contain the second semi- 
conductor region. 

1 9. A device of claim 1 7 or 1 8, further comprising a fifth 
semiconductor region of the first conductivity type 
formed between the fourth and third semiconductor 
regions. 

20. A device of one of claims 12 to 15 and 17, wherein 
the second and third semiconductor regions are 
formed from the surface of the first semiconductor 
region up to the SOI insulation film. 

21. A device of claim 16 or 18. wherein the third semi- 
conductor region is formed from the surface of the 
first semiconductor region up to the SOI insulation 
film. 

22. A device of claim 15 or 16, wherein the gate trench 
is in contact with the fourth semiconductor region, 
and the buried gate electrode is in the vicinity of the 
fourth semiconductor region, to control a current 
passing through the fourth semiconductor region. 

23. A device of claim 17, 18 or 19, wherein the gate 
trench is in contact with the fourth semiconductor 
region, and the buried gate electrode is in the vicin- 
ity of the fourth semiconductor region, to control a 
current passing through the fourth semiconductor 
region. 
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24. A device of claim 3 or 5, further comprising a fourth 
semiconductor region at the top surface of and in 
said first semiconductor region, containing the sec- 
ond semiconductor region, wherein the gate trench 
is in contact with the fourth semiconductor region, 
and the buried gate electrode is in the vicinity of the 
fourth semiconductor region, to control a current 
passing through the fourth semiconductor region. 

25. A device of claim 24, wherein the gate trench is 
deeper than the fourth semiconductor region. 

26. A device of claim 1 1 , wherein the first semiconduc- 
tor region is of the first conductivity type, and the 
-second and_third_semiconductor regions_are of the 
first conductivity type with a higher impurity concen- 
tration than that of the first semiconductor region. 

27. A device of claim 1 1 , wherein the first semiconduc- 
tor region is of the first conductivity type, and the 
second and third semiconductor regions are of the 
second conductivity type. 

28. A device of claim 1 1 , wherein the first semiconduc- 
tor region is of the first conductivity type, the second 
semiconductor region is of the first conductivity type 
with a higher impurity concentration than that of the 
first semiconductor region, and the third semicon- 
ductor region is of the second conductivity type. 

29. A device of claim 26, further comprising a fourth 
semiconductor region of the second conductivity 
type, formed between the second and third semi- 
conductor regions up to the substrate. 

30. A device of claim 26, further comprising a fourth 
semiconductor region of the second conductivity 
type at the top surface of and in said first semicon- 
ductor region, formed to contain the second semi- 
conductor region. 

31. A device of claim 28. further comprising a fourth 
semiconductor region of the second conductivity 
type, formed between the second and third semi- 
conductor regions up to the substrate. 

32. A device of claim 28, further comprising a fourth 
semiconductor region of the second conductivity 
type at the top surface of and in said first semicon- 
ductor region, formed to contain the second semi- 
conductor region. 

33. A device of claim 31 or 32, further comprising a fifth 
semiconductor region of the first conductivity type 
formed between the fourth and third semiconductor 
regions. 

34. A device of one of claims 29 to 33, wherein the gate 
trench is in contact with the fourth semiconductor 



region, and the buried gate electrode is in the vicin- 
ity of the fourth semiconductor region, to control a 
current passing through the fourth semiconductor 
region. 

35. A device of claim 4. wherein the gate trench is at 
about the center of the first semiconductor region, a 
spacing Ss between the gate trench and the device 
isolation region and the impurity concentration of 

10 the first semiconductor region are set such that a 
predetermined gate bias voltage applied to the bur- 
ied gate electrode extends a depletion layer from 
the gate insulation film, to pinch off a channel 
formed in the first semiconductor region. 

15 

36. A device of claim 35, wherein the first, second; and 
third semiconductor regions, gate trench, gate insu- 
lation film, and buried gate electrode form a unit 
cell, and a plurality of the unit cells are arranged on 

20 the substrate. 

37. A device of claim 36, wherein the unit cells have 
each the same size, and the second and third sem- 
iconductor regions and buried gate electrode of a 

25 given unit cell are electrically connected to those of 
another unit cell, respectively. 

38. A device of claim 6, wherein the gate trench is at 
about the center of the first semiconductor region, a 

30 spacing Ss between the gate trench and the device 
isolation region and the impurity concentration of 
the first semiconductor region are set such that a 
predetermined gate bias voltage applied to the bur- 
ied gate electrode extends a depletion layer from 
35 the gate insulation film, to pinch off a channel 
formed in the first semiconductor region. 

39. A device of claim 38, wherein the first, second, and 
third semiconductor regions, gate trench, gate insu- 

40 lation film, and buried gate electrode form a unit 
cell, and a plurality of the unit cells are arranged on 
the substrate. 

40. A device of claim 39, wherein the unit cells have 
45 each the same size, and the second and third sem- 
iconductor regions and buried gate electrode of a 
given unit cell are electrically connected to those of 
another unit cell, respectively. 

so 41. A device of claim 4, wherein a plurality of the gate 
trenches are formed in the first semiconductor 
region, a spacing S between adjacent ones of the 
gate trenches and the impurity concentration of the 
first semiconductor region are set such that a pre- 
ss determined gate bias voltage applied to the buried 
gate electrodes extends depletion layers from the 
gate insulation films toward each other to pinch off 
a channel formed in the first semiconductor region. 
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42. A device of claim 6, wherein the first, second, and 
third semiconductor regions, gate trench, gate insu- 
lation film, and buried gate electrode form a unit 
cell, and a plurality of the unit cells are arranged on 
the substrate. 5 

43. A device of claim 41, wherein a spacing Ss 
between the device isolation region and one of the 
gate trenches closest thereto is 1/2 of or narrower 
than the spacing S. 10 

44. A device of claim 42, wherein a spacing Ss 
between the device isolation region and one of the 
gate trenches closest thereto is 1/2 of or narrower 
than a spacing S between adjacent ones of the gate is 
trenches. 

45. A device of claim 43 or 44, wherein the gate trench 
closest to the device isolation region is in contact 
with the same (Ss = 0). 20 

46. A device of claim 41 or 42, wherein the number of 
the gate trenches is at least three and they are 
arranged at regular spacings S. 

25 

47. A device of claim 4 or 6, wherein a plurality of the 
gate trenches are formed in the first semiconductor 
regions at first and second spacings S1 and S2, the 
first spacing S1 and the impurity concentration of 
the first semiconductor region are set such that a 30 
predetermined gate bias voltage applied to the bur- 
ied gate electrodes extends depletion layers from 
the gate insulation films toward each other, to pinch 

off a channel formed in the first semiconductor 
region, and S2 > S1 . 35 

48. A device of claim 41 , wherein the spacing S is cho- 
sen to pinch off a channel formed in the first semi- 
conductor region in response to a zero bias voltage 
applied to the buried gate electrodes. 40 

49. A device of claim 41 or 42, wherein the device iso- 
lation region is a pn junction isolation region whose 
conductivity type is opposite to that of the first sem- 
iconductor region, and a channel between the pn 45 
junction isolation region and one of the gate 
trenches closest thereto is pinched off in response 

to a zero bias voltage applied to the buried gate 
electrodes. 

50 

50. A device of claim 4, wherein at least one of the sec- 
ond and third semiconductor regions is in contact 
with the device isolation region. 

51. A device of claim 6, wherein the second and third 55 
semiconductor regions are spaced from the device 
isolation region. 
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52. A device of claim 50, wherein at least one of the 
second and third semiconductor regions that is in 
contact with the device isolation region is formed 
from the surface of the first semiconductor region 
up to the SOI insulation film. 

53. A device of claim 52, wherein the semiconductor 
region formed up to the SOI insulation film is 
formed in the first semiconductor region by horizon- 
tally diffusing impurities from the side-walls of a 
trench used to form the device isolation region. 

54. A device of claim 10 or 1 1 , wherein the gate trench 
is in contact with the second semiconductor region. 

55. A device of claim 10 or 1 1 , wherein the gate trench 
is in contact with both the second and third semi- 
conductor regions. 

56. A device of claim 10 or 1 1 , wherein the gate trench 
is asymmetrically arranged in the first semiconduc- 
tor region and biased to the second semiconductor 
region. 

57. A device of claim 10 or 1 1 , wherein a plurality of the 
gate trenches are arranged in a zigzag pattern in 
the first semiconductor region. 

58. A device of claim 10 or 1 1 , wherein the buried gate 
electrode completely fills the gate trench. 

59. A device of claim 10 or 1 1 , wherein the buried gate 
electrode is divided into sections in the gate trench. 

60. A device of claim 59, further comprising insulation 
material filled in gaps among the sections of the 
buried gate electrode. 

61. A device of claim 60, further comprising gate resis- 
tors for connecting the sections of the buried gate 
electrode to one another. 

62. A device of claim 57, further comprising gate resis- 
tors for connecting the buried gate electrodes to 
one another. 

63. A device of claim 16, wherein the device isolation 
region formed around the first semiconductor 
region has a V shape. 

64. A device of one of claims 18, 19, 30, 32 and 33, 
wherein the device isolation region formed around 
the first semiconductor region has a V shape. 

65. A device of claim 1 7 or 31 , further comprising a fifth 
semiconductor region of the first conductivity type 
formed adjacent to the third semiconductor region. 

66. A device of claim 65, further comprising: 
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a second gate trench formed in contact with the 
third and fifth semiconductor regions; 
a second gate insulation film formed on the 
side-walls of the second gate trench; and 
a buried gate electrode burying at least a part s 
of a space defined by the second gate insula- 
tion film in the second gate trench. 

67. A device of claim 66, wherein the second gate 
trench reaches the SOI insulation film. 10 

68. A device of one of claims 14, 17, 19, 28, 31 and 33, 
wherein a spacing S E between adjacent gate 
trenches in the vicinity of the second semiconductor 

. region differs from a spacing S a between the same is 
trenches in the vicinity of the third semiconductor 
region. 

69. A device of claim 68, wherein S E > S c . 

20 

70. A device of claim 68, wherein the spacing S c is 
smaller than 5 \x m. 

71. A device of one of claims 17, 19, 31 and 33, further 
comprising a surface electrode for connecting the 2s 
second and fourth semiconductor regions to each 
other. 

72. A device of one of claims 19, 33 and 65 to 67, 

further comprising a surface electrode for 30 
connecting the third and fifth semiconductor 
regions to each other. 

73. A device of claim 1 7 or 31 , further comprising: 

35 

a fifth semiconductor region of the second con- 
ductivity type formed in contact with the second 
semiconductor region; and 
a surface electrode for connecting the second 
and fifth semiconductor regions to each other, 40 
the gate trenches being in contact with the first, 
fourth, and fifth semiconductor regions, the 
fourth semiconductor region consisting of a 
pair of areas sandwiching a part of the first 
semiconductor region to form a channel for 45 
passing the main current. 

74. A device of claim 73, wherein a spacing between 
the two areas of the fourth semiconductor region 
and the impurity concentration of the first semicon- so 
ductor region are set such that a zero bias voltage 
applied to the buried gate electrodes extends 
depletion layers from the two areas of the fourth 
semiconductor region, to pinch off a channel 
formed in the first semiconductor region. ss 

75. A device of claim 73, further comprising a sixth 
semiconductor region of the first conductivity type 
formed between the fourth and fifth semiconductor 



regions, having higher impurity concentration than 
that of the first semiconductor region. 

76. A device of claim 75, further comprising: 

a second gate insulation film formed on the 
sixth semiconductor region; and 
a surface gate electrode formed on the second 
gate insulation film and electrically connected 
to the buried gate electrodes. 

77. A device of claim 17 or 31 , further comprising: 

a fifth semiconductor region of the second con- 
ductivity type formed in the vicinity of the sur- 
face of the first semiconductor region in contact 
with the second semiconductor region; 
a sixth semiconductor region of the first con- 
ductivity type formed between the second and 
fourth semiconductor regions in contact with 
the fifth semiconductor region; and 
a surface metal electrode for connecting the 
second and fifth semiconductor regions to each 
other, 

the gate trenches being in contact with the 
fourth and sixth semiconductor regions. 

78. A device of claim 17 or 31 , further comprising: 

a fifth semiconductor region of the first conduc- 
tivity type formed in the vicinity of the fourth 
semiconductor region away from the second 
semiconductor region; 

a sixth semiconductor region of the second 
conductivity type having a higher impurity con- 
centration than that of the fourth semiconductor 
region, formed in contact with the fifth semicon- 
ductor region in the vicinity of an interface 
between the first and fourth semiconductor 
regions; and 

a surface metal electrode for connecting the 
fifth and sixth semiconductor regions to each 
other, 

the gate trenches being in contact with the 
fourth semiconductor region between the sec- 
ond and fifth semiconductor regions. 

79. A device of one of claims 17 to 19 and 31 to 33, 
wherein the gate trench has a comb-like shape so 
that the teeth of the comb-like gate trench divide the 
second and fourth semiconductor regions into sec- 
tions, and each section of the fourth semiconductor 
region forms a channel for passing the main cur- 
rent. 

80. A device of claim 79, wherein a plurality of unit cells 
each consisting of at least the gate trench and first 
to fourth semiconductor regions are arranged on 
the substrate. 
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81. A device of one of claims 17 to 19 and 31 to 33, 
wherein the gate trenches are in contact with the 
fourth semiconductor region, to form channels for 
passing the main current in the fourth semiconduc- 
tor region, and the width (Wg) of each gate trench is 
greater than a spacing S between the adjacent 
ones of the gate trenches. 

82. A device of one of claims 17 to 19 and 31 to 33. 
wherein the gate trench has a winding shape regu- 
larly involving right-angled parts, to divide the fourth 
semiconductor region into sections that form chan- 
nels for passing the main current. 

83. A device of claim 82, wherein the winding gate 
trench partly divides the second and fourth semi- 
conductor regions into inactive sections that are 
electrically floating, and the remaining parts of the 
second and fourth semiconductor regions are used 
as active regions by connecting them together 
through a surface metal electrode. 

84. A device of one of claims 17 to 19 and 31 to 33, 
wherein a plurality of the gate trenches are formed 
adjacent to the fourth semiconductor region, to 
divide the fourth semiconductor region into sections 
to form channels for passing the main current, and 
a plurality of unit cells each consisting of the first to 
fourth semiconductor regions and the gate 
trenches are arranged on the substrate. 

85. A device of claim 80 or 84, wherein the unit cells are 
connected in series with one another through sur- 
face wiring. 

86. A device of claim 80 or 84, wehrein the unit cells are 
connected in parallel with one another through sur- 
face wiring. 

87. A semiconductor device comprising: 

a) a substrate having at least one main surface; 

b) a first semiconductor region formed on the 
substrate and having a main surface that is 
substantially in parallel with the main surface of 
the substrate; 

c) a second semiconductor region serving as a 
first main electrode region formed in a part of 
the first semiconductor region; 

d) a third semiconductor region serving as a 
second main electrode region formed apart 
from the second semiconductor region in a part 
of the first semiconductor region; 

e) at least one gate trench formed in a part of 
the first semiconductor region between the 
second and third semiconductor regions from 
the surface of the first semiconductor region 
toward the inside thereof, the side-walls of the 



gate trench being substantially vertical to the 
main surface of the first semiconductor region; 

f) a fourth semiconductor region formed on the 
side-walls of the gate trench and having a 

5 larger forbidden band gap than that of the first 

semiconductor region; and 

g) a buried gate electrode burying at least a 
part of a space defined by the fourth semicon- 
ductor region in the gate trench, 

10 

the first and second main electrode regions 
passing a main current between them, the direction 
of the main current being substantially in parallel 
with the main surface of the first semiconductor 
15 region in the vicinity of the buried gate electrode 
that controls the main current, the main current 
being distributed vertically to the main surface of 
the first semiconductor region. 

20 88. A device of claim 87, wherein the substrate is a 
semi -insulating semiconductor substrate. 

89. A device of claim 88, wherein the first semiconduc- 
tor region is surrounded by a device isolation 

25 region. 

90. A device of claim 89, wherein the device isolation 
region is a high-resistivity semiconductor region. 

30 91. A device of claim 90, wherein the device isolation 
region is a dielectric isolation region made of insu- 
lating dielectric material. 

92. A device of claim 87, wherein the first to fourth sem- 
35 iconductor regions are each a compound semicon- 
ductor region. 

93. A device of claim 92, wherein the first semiconduc- 
tor region is made of GaAs, and the fourth semicon- 

40 ductor region is made of AIGaAs. 

94. A device of claim 92, further comprising a fifth sem- 
iconductor region formed between the first and 
fourth semiconductor regions and having a smaller 

45 forbidden band gap than that of the fourth semicon- 
ductor region. 

95. A device of claim 94, wherein the first semiconduc- 
tor region is made of GaAs, the fourth semiconduc- 

so tor region of AIGaAs, and the fifth semiconductor 
region of InGaAs. 

96. A device of claim 94, wherein the first semiconduc- 
tor region is made of InP, the fourth semiconductor 

55 region of InAIAs, and the fifth semiconductor region 
of InGaAs. 

97. A semiconductor device having trenches formed on 
a semiconductor so that a space between the 
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trenches forms a channel for passing a main cur- 
rent, wherein the main current in the channel flows 
in parallel with the surface of the semiconductor 
and is distributed vertically to the surface of the 
semiconductor. 

98. A device of claim 97, wherein the semiconductor 
device is an insulated-gate semiconductor device. 

99. A device of claim 98, wherein the semiconductor 
device is a MOSFET. 

100. A device of claim 98, wherein the semiconductor 
device is a MOSSIT. 

101 .A device of claim 98, wherein the semiconductor 
device is an IGBT. 

102. A device of claim 98, wherein the semiconductor 
device is a composite MOS device. 

1 03. A device of claim 102, wherein the composite MOS 
device is an MCSITH. 

1 04. A device of claim 102, wherein the composite MOS 
device is an MCT. 

105. A device of claim 102, wherein the composite MOS 
device is an EST. 

106. A device of claim 97, wherein the semiconductor 
device is an HEMT. 

107. A semiconductor device having a channel region 
for passing a main current between depletion lay- 
ers, wherein the main current in the channel region 
flows in parallel with a main surface of a first semi- 
conductor region of a first conductivity type in which 
the depletion layers are formed and is distributed 
vertically to the main surface. 

108. A device of claim 107, wherein the depletion layers 
are each formed by a gate insulation film formed on 
the side-walls of a trench formed in a part of the 
main surface of the semiconductor region and by a 
gate electrode formed on the surface of the gate 
insulation film. 

109. A device of claim 107, wherein the depletion layers 
are each formed by a pn junction between the first 
semiconductor region and a second semiconductor 
region that has a second conductivity type and is 
vertically formed from the surface of the first semi- 
conductor region. 

110. A device of claim 107, wherein the depletion layers 
are each formed by a Schottky junction between 
the first semiconductor region and a Schottky metal 



that is buried in a trench formed in a part of the 
main surface of the first semiconductor region. 

111. A method of manufacturing a semiconductor 
s device, comprising the steps of: 

a) forming a first semiconductor region on a 
bottom insulation film formed on a substrate; 

b) forming first and second trenches at prede- 
10 termined positions of the first semiconductor 

region up to the bottom insulation film; 

c) horizontally diffusing impurities from the 
side-walls of the first and second trenches into 
the first semiconductor region, to form second 

15 and third semiconductor regions; 

d) forming third and fourth trenches orthogo- 
nally to the first and second trenches, so that 
the first to fourth trenches may enclose the first 
to third semiconductor regions, and forming at 

20 least one gate trench in the first semiconductor 

region; 

e) forming a device isolating insulation film on 
the side-walls of the first to fourth trenches, and 
forming a gate insulation film on the side-walls 

25 of the gate trench; and 

f) filling the first to fourth trenches with insula- 
tion material, and filling the gate trench with a 
buried gate electrode. 

30 11 2. A method of claim 111, wherein the first semicon- 
ductor region is of a first conductivity type, and the 
impurities diffused in the step (c) are of the first con- 
ductivity type. 

35 113.A method of manufacturing a semiconductor 
device, comprising the steps of: 

a) forming a first semiconductor region on a 
bottom insulation film formed on a substrate; 
40 b) forming first and second trenches at prede- 

termined positions of the first semiconductor 
region up to the bottom insulation film; 

c) forming a device isolating insulation film on 
the surface of the first and second trenches, 

45 and filling the first and second trenches with an 

insulating material; 

d) forming a third trench orthogonally to the first 
and second trenches up to the bottom insula- 
tion film; 

so e) horizontally diffusing first and second impuri- 

ties from the side-walls of the third trench into 
the first semiconductor region, to form second 
and fourth semiconductor regions; 
f) forming a fourth trench orthogonally to the 

55 first and second trenches up to the bottom 

insulation film, so that the first to fourth 
trenches may enclose the first semiconductor 
region; 
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g) horizontally diffusing the second impurities 
from the side-walls of the fourth trench into the 
first semiconductor region, to form a third sem- 
iconductor region; 

h) forming at least one gate trench in the first s 
semiconductor region; and 

i) forming a gate insulation film on the side-wall 
of the gate trench. 

114. A method of claim 113, wherein the first semicon- 10 
ductor region is of a first conductivity type, the first 
impurities are of the first conductivity type, and the 
second impurities are of a second conductivity type. 

1 1 5. A method of claim 114, wherein the second impuri- is 
ties are diffused before diffusing the first impurities 

in the step (e). 

1 1 6. A method of claim 114, wherein the diffusion coeffi- 
cient of the second impurities is larger than that of 20 
the first impurities, and the first and second impuri- 
ties are simultaneously diffused in the step (e). 

1 1 7. A method of one of claims 1 1 1 to 1 1 6, wherein the 
gate insulation film is formed according to a thermal 25 
oxidization technique. 

118. A method of claims 111 ro 1 16, further comprising 
the steps of: 

forming device insulation films on the side 30 
wall of the third and fourth trenches; and 

filling the third and fourth trenches with insu- 
lating materials by CVD technique. 

1 1 9. A method of claim 118, further comprising the steps 35 
of filling the gate trench with doped polysilicon, and 
the first to fourth trenches are willed with non- 
doped polysi (icons. 

120. A method of manufacturing a semiconductor 40 
device, comprising the steps of: 



121 .A method of claim 120, comprising the additional 
step of horizontally diffusing third impurities from 
the side-walls of the second trench into the first 
semiconductor region, to form a fourth semiconduc- 
tor region adjacent to the second semiconductor 
region before diffusing the second impurity in the 
step (f). 

122. A method of claim 120, wherein the first semicon- 
ductor region is of a first conductivity type, the first 
impurities are of a second conductivity type, and 
the second impurities are of the first conductivity 
type. 

123. A method of claim 121, wherein the first semicon- 
ductor region is of a first conductivity type, the first 
and third impurities are of a second conductivity 
type, and the second impurities are of the first con- 
ductivity type. 
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a) forming a first semiconductor region on a 
bottom insulation film formed on a substrate; 

b) forming a first trench at a predetermined 45 
position of the first semiconductor region up to 
the bottom insulation film; 

c) horizontally diffusing first impurities from the 
side-walls of the first trench into the first semi- 
conductor region, to form a third semiconductor so 
region; 

d) filling the first trench with insulation material; 

e) forming a second trench at a predetermined 
position of the first semiconductor region up to 
the bottom insulation film; and ss 

f) horizontally diffusion second impurities from 
the side-walls of the second trench into the first 
semiconductor region, to form a second semi- 
conductor region. 
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